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Study$Y(4260)$at$BESIII$
•  Dec, 2012 to Jan, 2013, BESIII accumulate 525 pb-1 data 

@ 4.26 GeV, world’s largest data set! 
•  Study e+e-!π+π�J/ψ exclusive process.�

π+π�+++�� π+π�µ+µ��

1.  Very simple and straightforward analysis. 
2.  The produced vector charmonium(like) state almost in rest frame. 
3.  Y(4260)!π+π�J/ψ, four charged track detected. 
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12Frank Nerling Recent BESIII Results, Heavy Exotica

Unique BESIII data set
(collected so far ...)

• XYZ region: > 3.8 GeV, integrated luminosity: ~22 fb-1

• 104 energy points between 3.85 and 4.59 GeV (R scan)
• ~20 energy points between 2.0 and 3.1 GeV [Courtesy: W. Gradl] 

After 12 of years data taking:
• 10 x 109  J/y
• 2.7 x 109 y(2S)

(from W. Gradl)
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Use  data at  between 4 and 5 GeV to study…

Y Physics  = unexpected features (states?) in exclusive  cross sections ( )
New Results ( 2022):  

 [PRD 106, 072001 (2022)];  [CPC 46, 111002 (2022)];  [PRD 107, 092005 (2023)];
 and  [JHEP 05, 155 (2022)];  [PRL 130, 121901 (2023)];  [PRD 106, 052012 (2022)];
 [arXiv:2305.10789];   [PRL 129, 102003 (2022)];  [JHEP 02, 171 (2023)];   [JHEP 01, 132 (2023)]

Questions:  
How many and where are the poles (resonances) in the scattering matrix?

Future/Ongoing Work:  
Perform a global K-matrix fit to many channels.

X(3872) Physics  = well-known candidate for a  molecular state
New Results ( 2022):  

 [PRL 130, 151904 (2023)];   [PRD 107, 032007 (2023)];   [PRD 105, 072009 (2022)]

Questions:  
What is the ?  Can we use it to further study the properties of hadronic molecules?

Future/Ongoing Work:  
Study the line shape in  and look for new decays and production mechanisms.

 Physics and  Physics  = peaks with  seen near , , and  thresholds 
New Results ( 2022):  

 [PRL 129, 112003 (2022)];   [CPC 47, 033001 (2023)]

Questions:  
Are the  and  peaks evidence for further hadronic molecules or kinematic thresholds or something else?

Future/Ongoing Work:  
Study the line shapes in more detail with input from theory.

e+e− ECM

e+e− σ(EEM)
≥

π+π−J/ψ K+K−J/ψ KSKSJ/ψ
D*+D*− D*+D− D*0D*−π+ D+D−π+π−

D*+
s D*−

s π+π−ψ2(3823) π0π0ψ2(3823) ϕχcJ

D*D̄
≥

e+e− → ωX(3872) e+e− → X(3872) X(3872) → n(π)χc0

X(3872)

X(3872) → D*0D̄0

Zc Zcs I ≠ 0 DD* D*D* DsD*
≥

e+e− → KSZ0
cs → Ks(D+

s D*−) e+e− → K+Z′￼−
cs → K+(D*−

s D*0)

Zc Zcs
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Table 1
The resonance parameters of the high mass charmonia in this work together with the values in PDG2004 [11], PDG2006 [12] and Seth’s evaluations [13] based on
Crystal Ball and BES data. The total width Γtot ≡ Γr (M) in Eq. (9)

ψ(3770) ψ(4040) ψ(4160) ψ(4415)

M (MeV/c2) PDG2004 3769.9±2.5 4040±10 4159±20 4415±6
PDG2006 3771.1±2.4 4039±1 4153±3 4421±4
CB (Seth) – 4037±2 4151±4 4425±6
BES (Seth) – 4040±1 4155±5 4455±6
BES (this work) 3772.0±1.9 4039.6±4.3 4191.7±6.5 4415.1±7.9

Γtot (MeV) PDG2004 23.6±2.7 52±10 78±20 43±15
PDG2006 23.0±2.7 80±10 103±8 62±20
CB (Seth) – 85±10 107±10 119±16
BES (Seth) – 89±6 107±16 118±35
BES (this work) 30.4±8.5 84.5±12.3 71.8±12.3 71.5±19.0

Γee (keV) PDG2004 0.26±0.04 0.75±0.15 0.77±0.23 0.47±0.10
PDG2006 0.24±0.03 0.86±0.08 0.83±0.07 0.58±0.07
CB (Seth) – 0.88±0.11 0.83±0.08 0.72±0.11
BES (Seth) – 0.91±0.13 0.84±0.13 0.64±0.23
BES (this work) 0.22±0.05 0.83±0.20 0.48±0.22 0.35±0.12

δ (degree) BES (this work) 0 130±46 293±57 234±88

ψ(3770) is set to zero. The parameters of the ψ(2S) in Eq. (5)
are fixed to the values given in PDG2006.

3. Results and discussion

The values of the resonance parameters of the high mass
charmonium states determined in this work, together with those
in PDG2004, PDG2006 and the results given in Ref. [13] are
listed in Table 1. The fitted parameters for the continuum com-
ponent are C0 = 2.14 ± 0.10, C1 = (1.69 ± 0.23) × 10−3,
and C2 = −(0.66 ± 0.25) × 10−6. And the scale factor is
fc = 1.002 ± 0.033. The updated R values between 3.7 and
5.0 GeV (the percentage errors are the same as in Refs. [14,
15]) and the fitting curves are shown in Fig. 1. The quality of
the global fitting is indicated by χ2/d.o.f. = 1.08 (the number
of energy-points is 78, the number of the free parameters is 19,
and χ2 = 63.60) with a fit probability of 31.8%.

It should be noted that the ψ(4160) mass in this work is
about 30 MeV/c2 higher than the PDG2006 value, a differ-
ence that is much larger than the quoted errors. If the interfer-
ence terms in Eq. (4) all have their phase angles δr fixed to 0,
then the obtained mass parameters of the resonances ψ(4040),
ψ(4160), and ψ(4415) are 4048.4 ± 3.2, 4156.2 ± 4.4 and
4405.2 ± 5.7 MeV, respectively, with a larger χ2/d.o.f. = 1.39
corresponding to a probability of 2.3%. These comparisons
show that the influence of the phase angles on the resonance
parameters is significant.

In order to understand the model-dependent uncertainties
and to estimate the systematic errors, alternative choices and
combinations of Breit–Wigner forms, energy dependence of the
full width predicted by the quantum mechanics model [20] or
the effective interaction theory [23], and continuum charm pro-
duction described by a second order polynomial or the phenom-
enological form used by DASP [6] are used. We find the results
are also somewhat sensitive to the form of the energy-dependent
total width, but not sensitive to the continuum parameterization.

Fig. 1. The fit to the R values for the high mass charmonia structure. The dots
with error bars are the updated R values. The solid curve shows the best fit,
and the other curves show the contributions from each resonance RBW, the
interference Rint, the summation of the four resonances Rres = RBW + Rint,
and the continuum background Rcon respectively.

The DASP background function has six continuum production
channels, while the effective interaction theory predicts a dif-
ferent energy-dependent partial width for each one. However,
in both cases the best fits give unreasonable values for some pa-
rameters. This may be understood as being due to the fact that
the inclusive data does not supply enough information to de-
termine the relative width of different decay channels, nor the
phase angles of the hadronic final states (if they exist). To un-
derstand the detailed structure and components of the high mass
charmonium states, it is necessary to collect data at each energy
point with sufficiently high statistics, and to develop more reli-
able physical models. This is one of the physics tasks for a tau
charm factory, and may be further studied with BESIII that is
now under construction.

Physics Letters B 660 (2008) 315–319
www.elsevier.com/locate/physletb

Determination of the ψ(3770), ψ(4040), ψ(4160)
and ψ(4415) resonance parameters

BES Collaboration
M. Ablikim a, J.Z. Bai a, Y. Ban l, X. Cai a, H.F. Chen q, H.S. Chen a, H.X. Chen a, J.C. Chen a,
Jin Chen a, Y.B. Chen a, Y.P. Chu a, Y.S. Dai s, L.Y. Diao i, Z.Y. Deng a, Q.F. Dong o, S.X. Du a,

J. Fang a, S.S. Fang a,1, C.D. Fu o, C.S. Gao a, Y.N. Gao o, S.D. Gu a, Y.T. Gu d, Y.N. Guo a,
Z.J. Guo p,2, F.A. Harris p, K.L. He a, M. He m, Y.K. Heng a, J. Hou m, H.M. Hu a,∗, J.H. Hu c, T. Hu a,

G.S. Huang a,3, X.T. Huang m, X.B. Ji a, X.S. Jiang a, X.Y. Jiang e, J.B. Jiao m, D.P. Jin a, S. Jin a,
Y.F. Lai a, G. Li a,4, H.B. Li a, J. Li a, R.Y. Li a, S.M. Li a, W.D. Li a, W.G. Li a, X.L. Li a, X.N. Li a,

X.Q. Li k, Y.F. Liang n, H.B. Liao a, B.J. Liu a, C.X. Liu a, F. Liu f, Fang Liu a, H.H. Liu a, H.M. Liu a,
J. Liu l,5, J.B. Liu a, J.P. Liu r, Jian Liu a, Q. Liu p, R.G. Liu a, Z.A. Liu a, Y.C. Lou e, F. Lu a, G.R. Lu e,

J.G. Lu a, C.L. Luo j, F.C. Ma i, H.L. Ma b, L.L. Ma a,6, Q.M. Ma a, Z.P. Mao a, X.H. Mo a, J. Nie a,
S.L. Olsen p, R.G. Ping a, N.D. Qi a, H. Qin a, J.F. Qiu a, Z.Y. Ren a, G. Rong a, X.D. Ruan d,

L.Y. Shan a, L. Shang a, C.P. Shen p, D.L. Shen a, X.Y. Shen a, H.Y. Sheng a, H.S. Sun a, S.S. Sun a,
Y.Z. Sun a, Z.J. Sun a, X. Tang a, G.L. Tong a, G.S. Varner p, D.Y. Wang a,7, L. Wang a, L.L. Wang a,

L.S. Wang a, M. Wang a, P. Wang a, P.L. Wang a, W.F. Wang a,8, Y.F. Wang a, Z. Wang a, Z.Y. Wang a,
Zheng Wang a, C.L. Wei a, D.H. Wei a, Y. Weng a, N. Wu a, X.M. Xia a, X.X. Xie a, G.F. Xu a,

X.P. Xu f, Y. Xu k, M.L. Yan q, H.X. Yang a, Y.X. Yang c, M.H. Ye b, Y.X. Ye q, G.W. Yu a,
C.Z. Yuan a, Y. Yuan a, S.L. Zang a, Y. Zeng g, B.X. Zhang a, B.Y. Zhang a, C.C. Zhang a,

D.H. Zhang a, H.Q. Zhang a, H.Y. Zhang a, J.W. Zhang a, J.Y. Zhang a, S.H. Zhang a, X.Y. Zhang m,
Yiyun Zhang n, Z.X. Zhang l, Z.P. Zhang q, D.X. Zhao a, J.W. Zhao a, M.G. Zhao a, P.P. Zhao a,

W.R. Zhao a, Z.G. Zhao a,9, H.Q. Zheng l, J.P. Zheng a, Z.P. Zheng a, L. Zhou a, K.J. Zhu a,
Q.M. Zhu a, Y.C. Zhu a, Y.S. Zhu a, Z.A. Zhu a, B.A. Zhuang a, X.A. Zhuang a, B.S. Zou a

a Institute of High Energy Physics, Beijing 100049, People’s Republic of China
b China Center for Advanced Science and Technology (CCAST), Beijing 100080, People’s Republic of China

c Guangxi Normal University, Guilin 541004, People’s Republic of China
d Guangxi University, Nanning 530004, People’s Republic of China

e Henan Normal University, Xinxiang 453002, People’s Republic of China
f Huazhong Normal University, Wuhan 430079, People’s Republic of China

g Hunan University, Changsha 410082, People’s Republic of China
h Jinan University, Jinan 250022, People’s Republic of China

i Liaoning University, Shenyang 110036, People’s Republic of China
j Nanjing Normal University, Nanjing 210097, People’s Republic of China

k Nankai University, Tianjin 300071, People’s Republic of China
l Peking University, Beijing 100871, People’s Republic of China

m Shandong University, Jinan 250100, People’s Republic of China
n Sichuan University, Chengdu 610064, People’s Republic of China
o Tsinghua University, Beijing 100084, People’s Republic of China

p University of Hawaii, Honolulu, HI 96822, USA
q University of Science and Technology of China, Hefei 230026, People’s Republic of China

r Wuhan University, Wuhan 430072, People’s Republic of China
s Zhejiang University, Hangzhou 310028, People’s Republic of China

0370-2693  2008 Elsevier B.V.
doi:10.1016/j.physletb.2007.11.100

Open access under CC BY license.

ψ (3770)

ψ (4040)

ψ (4160) ψ (4415)

  The shape of the inclusive cross section agrees well with 
quark model expectations.
⟹

1

2
3 4



Use  data at  between 4 and 5 GeV to study…

Y Physics  = unexpected features (states?) in exclusive  cross sections ( )
New Results ( 2022):  

 [PRD 106, 072001 (2022)];  [CPC 46, 111002 (2022)];  [PRD 107, 092005 (2023)];
 and  [JHEP 05, 155 (2022)];  [PRL 130, 121901 (2023)];  [PRD 106, 052012 (2022)];
 [arXiv:2305.10789];   [PRL 129, 102003 (2022)];  [JHEP 02, 171 (2023)];   [JHEP 01, 132 (2023)]

Questions:  
How many and where are the poles (resonances) in the scattering matrix?

Future/Ongoing Work:  
Perform a global K-matrix fit to many channels.

X(3872) Physics  = well-known candidate for a  molecular state
New Results ( 2022):  

 [PRL 130, 151904 (2023)];   [PRD 107, 032007 (2023)];   [PRD 105, 072009 (2022)]

Questions:  
What is the ?  Can we use it to further study the properties of hadronic molecules?

Future/Ongoing Work:  
Study the line shape in  and look for new decays and production mechanisms.

 Physics and  Physics  = peaks with  seen near , , and  thresholds 
New Results ( 2022):  

 [PRL 129, 112003 (2022)];   [CPC 47, 033001 (2023)]

Questions:  
Are the  and  peaks evidence for further hadronic molecules or kinematic thresholds or something else?

Future/Ongoing Work:  
Study the line shapes in more detail with input from theory.
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≥

e+e− → KSZ0
cs → Ks(D+
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6Y Physics

assuming the number of events satisfies a Gaussian dis-
tribution in XYZ data and Poisson distribution in R-scan
data. The cross section is parametrized with a coherent
sum of Breit-Wigner (BW) functions. Due to the lack of
data near the ψð3770Þ resonance, it is not feasible to
determine the relative phase between the ψð3770Þ ampli-
tude and other amplitudes. The cross section line shape is
described by

σfitð
ffiffiffi
s

p
Þ ¼ jRψð3770Þð

ffiffiffi
s

p
Þj2 þ

""""
Xn

j¼0

Rjð
ffiffiffi
s

p
Þeiϕj

""""
2

; ð3Þ

where Rψð3770Þ is used to describe the ψð3770Þ resonance
and its mass and width are fixed to the world average values
[36]. The i is the imaginary unit. Rj represents the
amplitude to describe a given resonant structure and ϕj

is the corresponding phase. The phase ϕ0 is set to zero and
the other phases are given relative to the R0. For the
structure near 4.0 GeV, two different parametrization
methods are applied, Model I: a BW function, and
Model II: an exponential function (Exp) of the form
R0ð

ffiffiffi
s

p
Þ¼PSð

ffiffiffi
s

p
Þe−p0ð

ffiffi
s

p
−MthresholdÞp1 [39], withMthreshold ¼

mπþ þmπ− þmJ=ψ , PSð
ffiffiffi
s

p
Þ is the PHSP factor of the

three-body decay Rj → πþπ−J=ψ [36], and p0 and p1 are
free parameters determined by the fit. The number of
resonances is denoted by n, comprising the known Yð4220Þ
and Yð4320Þ as well as further possible structures. The
amplitude Rj is defined as

Rjð
ffiffiffi
s

p
Þ ¼

Mjffiffiffi
s

p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12πΓee

j Γtot
j BðRjÞ

q

s −M2
j þ iMjΓtot

j
×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PSð

ffiffiffi
s

p
Þ

PSðMjÞ

s

; ð4Þ

where Mj, Γtot
j and Γee

j are the mass, full width and
electronic width of resonance Rj, respectively, and
BðRjÞ is the branching fraction for Rj → πþπ−J=ψ.
In case of considering the states Yð4220Þ and Yð4320Þ

(n ¼ 2), multiple sets of solutions are obtained given by the
two models (Model I: BW, Model II: Exp) at 4.0 GeV. The
fit results are shown in Fig. 5, and the fit parameters are
summarized in Table II. Sizable differences between the fit
results of Model I and Model II appear mainly in the energy
region between 3.7730 and 4.1574 GeV. The difference of
χ2=ndf is 3.72, where ndf is the number of degrees of
freedom. Therefore, Model I is chosen to be the default
model for the final cross section fit result. The cross section
fit shows larger fluctuations at

ffiffiffi
s

p
¼ 3.8713 GeV. These

might be due to the influence of the Xð3872Þ [36]
resonance which was not included in the model since the
Xð3872Þ is very narrow and there are not sufficient data
points around its nominal mass.
Considering the distribution of the pull (χ) values, the

above two models do not describe the interval from 4.4 to
4.6 GeV very well. Therefore, a third BW function (n ¼ 3)
is added to study whether this deviation is caused by
possible additional structures. When the (fit) parameters of
the third BW function are floated, two possible solutions
are obtained, one with a mass close to the ψð4415Þ and the
other one close to 4.5 GeV. Compared with the mode of
n ¼ 2, the significance of these two solutions are 4.0σ
(3.6σ) and 2.1σ (2.7σ), respectively. The alternative fits
using the parameters of the ψð4415Þ [36] and the newly
discovered Yð4500Þ structure [40] have also been
attempted to describe the structure at 4.5 GeV, and led
to results with significance of 2.6σ (3.1σ) and 3.3σ (3.3σ),
respectively. The numbers in the brackets correspond to
an alternative fit, in which the BW function (Model I) is
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FIG. 5. Fit to the energy-dependent cross section of eþe− → πþπ−J=ψ using two different fit models: Model I (a) and Model II (b).
The upper panels show the data points with error bars overlaid with the fit result represented by the solid (blue) line. The lower panels
show the corresponding fit quality for each data point in terms of χ in units of σ. The point of

ffiffiffi
s

p
¼ 3.8713 GeV is not included in the fit.

For more details of the fit models, see the text.
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e+e− → π+π−J/ψ

Y(4230)?
Y(4260)?

jMrecðπþπ−lþl−Þj > 105 MeV=c2, jMcorrðψð3686ÞÞ −
Mðψð3686ÞÞj > 10 MeV=c2 and jMðγγπþπ−Þ −MðηÞj >
60 MeV=c2, respectively. The uncertainties related to the
fit procedure are investigated by changing the fit range,
replacing the linear function by a quadratic function for
the background description and by varying the width of the
convolved Gaussian function for the signal shape. The
selection efficiency is obtained with the signal MC sample
generated according to the PWA results. To estimate the
corresponding uncertainty of the MC model, 100 sets of
signal MC samples are generated to obtain the detection
efficiency distribution, and the resulting standard deviation
is taken as the contribution to the systematic uncertainty. In
each set, the MC sample is generated by varying all the
PWA parameters randomly according to a multivariate
Gaussian function, where the mean and width are the

nominal value and error of the parameters with correlation
considered.
The uncertainties for the combined results of the data

samples with large statistics are summarized in Table II. For
those data samples with low statistics, the uncertainties are
set as the values of the closest data sets in Table II.
Assuming all sources of systematic uncertainties to be
independent, the total uncertainties are obtained by adding
the individual values in quadrature and are found to be in
the range of 4.5% to 5.1%.

V. FIT TO THE CROSS SECTION

To study possible Y states in the process eþe− →
πþπ−ψð3686Þ, a binned χ2 fit is performed to the dressed
cross sections σdressed ¼ σB · ð 1

j1−Πj2Þ. The χ
2 is constructed
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FIG. 4. The dressed cross section fit results of the process eþe− → πþπ−ψð3686Þ corresponding to the four solutions in Table III. The
black dots with error bars are the measured dressed cross section, the blue solid curves are the best-fit results, the red dashed lines
represent individual resonant structures, the green dotted lines show the continuous component, and the gray dot-dashed lines are the
sum of all interference terms. The bottom panel in each plot is the χ distribution.
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  Exclusive cross sections show a surprising variety of structure.⟹



Use  data at  between 4 and 5 GeV to study…

Y Physics  = unexpected features (states?) in exclusive  cross sections ( )
New Results ( 2022):  

 [PRD 106, 072001 (2022)];  [CPC 46, 111002 (2022)];  [PRD 107, 092005 (2023)];
 and  [JHEP 05, 155 (2022)];  [PRL 130, 121901 (2023)];  [PRD 106, 052012 (2022)];
 [arXiv:2305.10789];   [PRL 129, 102003 (2022)];  [JHEP 02, 171 (2023)];   [JHEP 01, 132 (2023)]

Questions:  
How many and where are the poles (resonances) in the scattering matrix?

Future/Ongoing Work:  
Perform a global K-matrix fit to many channels.

X(3872) Physics  = well-known candidate for a  molecular state
New Results ( 2022):  

 [PRL 130, 151904 (2023)];   [PRD 107, 032007 (2023)];   [PRD 105, 072009 (2022)]

Questions:  
What is the ?  Can we use it to further study the properties of hadronic molecules?

Future/Ongoing Work:  
Study the line shape in  and look for new decays and production mechanisms.

 Physics and  Physics  = peaks with  seen near , , and  thresholds 
New Results ( 2022):  

 [PRL 129, 112003 (2022)];   [CPC 47, 033001 (2023)]

Questions:  
Are the  and  peaks evidence for further hadronic molecules or kinematic thresholds or something else?

Future/Ongoing Work:  
Study the line shapes in more detail with input from theory.
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e+e− → K+K−π+π−

ψ(3686)→ π+π−J/ψ(J/ψ→ #+#−)

J/ψ→ #+#−

ferences  between  data  and  MC  in  the  tracking  and  PID
efficiencies  are  studied  by  using  the  process

, and 2.5% per charged kaon is quoted
[23]. For tracking efficiency of charged leptons, the sys-
tematic  uncertainty  is  studied  by  using  the  process

,  and  1.0%  uncertainty
per lepton is quoted [49]. The uncertainty of the branch-
ing  fraction  of    is  quoted  as  0.4%  [40].  The
uncertainty of kinematic fit is estimated by correcting the
corresponding  track  parameters,  and  the  difference
between  the  efficiencies  with  (default)  and  without  this
correction is quoted as the relevant uncertainty [50]. Var-
ied line shape of the input cross sections is constructed by
connecting each nearby points with a smooth curve. The

M(K+K−)

J/ψ

8.6% 11.1%

difference between the final cross sections with this new
line shape  and  the  nominal  one  is  taken  as  the   uncer-
tainty  of  radiation correction.  The uncertainty  associated
with the  intermediate  structures  is  estimated  by  weight-
ing  the  PHSP  MC  samples  according  to  the  observed

 distribution of data, and the difference between
the two efficiencies  of  the  two methods  is  quoted as  the
corresponding  uncertainty.  To  estimate  the  uncertainty
according  to  the  difference  in  the  resolutions  between
data  and  MC  samples,  the  efficiency  is  re-obtained  by
smearing  the  resolution  of  the    signal  of  the  MC
sample. The difference is quoted as the associated uncer-
tainty.  To  consider  the  uncertainty  of  the  criteria  on  the
penetration  depth  in  the  muon  counter,  the  difference
between the final results with and without this criterion is
adopted. The  total  uncertainties  are  calculated  by   sum-
ming all individual items in quadrature. They are energy
dependent and vary from   to  . All the system-
atic  uncertainties,  including  the  individual  and  total,  are
listed in Appendix 4.

e+e− → µ+µ−

BW

Γtot

Γ = Γtot
Φ(
√

s)
Φ(M)

Γtot

J/ψ

ΓeeB

The systematic uncertainties for the parameters of res-
onances  mainly  come  from  c.m.  energy  measurements,
the form and parameterization of the fit function, and the
systematic uncertainties  in  the  cross  section   measure-
ments that will be discussed later. The c.m. energies were
measured with   events  and the uncertainties
are determined correspondingly for different data samples
[27, 28]. The  associated  systematic  uncertainty  is   estim-
ated by varying the c.m. energies during the fit. A three-
body PHSP  shape  for  a  non-resonant  component  is   ad-
ded  to  the  two  coherent    sum to  estimate  the  uncer-
tainty  of  the  cross  section  description  in  the  fit,  which
turns out to be negligible. The uncertainty of the formal-
ism  of  the  full  width  is  estimated  by  replacing  the 
with    in  the  denominator  of  Eq.  (3),  where

 is the nominal width of the resonance. The systemat-
ic uncertainties due to cross section measurements can be
divided into two categories. The first one is uncorrelated
among the  different  c.m.  energy  points  including   kin-
ematic  fit,  radiation  correction,  intermediate  structures,
and  resolution  of  . The  associated  uncertainty  is   es-
timated by considering them while doing the fit and com-
paring to the results  obtained only considering statistical
uncertainties  of  the  cross  sections.  The  second  category
of the systematic uncertainties is correlated and common
for  all  data  samples  (5.1%),  therefore  only  affects  the

. All of these uncertainties on the parameters of res-
onances are listed in Appendix 4. 

IV.  SUMMARY AND DISCUSSION

e+e− →
K+K−J/ψ

In  summary,  the  Born  cross  sections  of 
  at  c.m.  energy  from  4.127  to  4.600  GeV  are

measured  with  a  new  partial  reconstruction  method  and
larger data samples compared with Ref. [23]. Two reson-

e+e− → K+K−J/ψ
Table 1.    Fitted parameters of the two resonant structures ob-
served  in  the  cross  sections  of  ,  where  the
first uncertainty is statistical and the second one is systematic.

Parameters Solution I Solution II

Y(4230)

M/MeV 4225.3±2.3±21.5

Γtot /MeV 72.9±6.1±30.8

ΓeeB/eV 0.42±0.04±0.15 0.29±0.02±0.10

Y(4500)

M/MeV 4484.7±13.3±24.1

Γtot /MeV 111.1±30.1±15.2

ΓeeB/eV 1.35±0.14±0.07 0.41±0.08±0.13

Phase angle φ/rad 1.72±0.09±0.52 5.49±0.35±0.58

 

e+e− →
K+K−J/ψ

Y(4230) Y(4500)

Fig.  3.      (color online) Dressed  cross  sections  of 
, indicated  by  error  bars  with  only  statistical  uncer-

tainties. They are fitted by a coherent sum of two Breit-Wign-
er  functions  indicated  by  red  solid  curves,  and  the  blue  and
pink dashed  curves  are  the  amplitudes  describing  the   reson-
ances    and  ,  respectively.  (a)  corresponds  to
solution I, (b) corresponds to solution II.

M. Ablikim, M. N. Achasov, P. Adlarson et al. Chin. Phys. C 46, 111002 (2022)
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e+e− → K+K−J/ψ
CPC 46, 111002 (2022)

parameters in the coherent sum of three Breit-Wigner
functions, and describe the background by a second order
polynomial function. The maximum difference due to the
line shape is 2.7%, which is assigned as the systematic
uncertainty due to the ISR correction factor.
The systematic uncertainty from the J=ψ mass window

is caused by the Mðlþl−Þ resolution differences of data
and MC simulations. To account for the differences in J=ψ
mass resolution, we smear the width of the J=ψ peak in the
signal MC samples, and the changes in the event selection
efficiencies are less than 1.0%, which is assigned as the
systematic uncertainty due to the J=ψ mass window. The
systematic uncertainty from the luminosity is 0.6% based
on studies of Bhabha events [34,36,37]. The systematic

uncertainties from the branching fractions of K0
S → πþπ−

and K0
S → π0π0 with π0 → γγ are taken from the PDG [4].

All sources of uncertainty are summed in quadrature as
the total systematic uncertainty in the eþe− → K0

SK
0
SJ=ψ

cross section measurement assuming they are independent.
The relative systematic uncertainties and their sum are
shown in Table III.
The systematic uncertainties in the resonance parameters

mainly come from the absolute c.m. energy measurement,
the form and parametrization of the fit function, the c.m.
energy spread, and the systematic uncertainty on the cross
section measurement. The absolute c.m. energy has been
measured [34–37], and the associated systematic uncer-
tainty is estimated by varying the absolute c.m. energies in
the fits. The uncertainty from the form of the fit function
is estimated by replacing the nominal function with the
coherent sum of three Breit-Wigner functions with all
paramters free, or the coherent sum of three Breit-
Wigner functions and a phase-space function. To estimate
the uncertainty from the form of the Breit-Wigner func-
tion, the Γj in the denominator of the Breit-Wigner
function is replaced with a mass-dependent width
Γj

Φð
ffiffi
s

p
Þ

ΦðMjÞ
. The uncertainty from the c.m. energy spread is

estimated by convolving the fit formula with a Gaussian
function, whose width is set as the mass-dependent beam
spread [56]. The uncertainty from the cross section
measurement is divided into two parts. The first one is
uncorrelated uncertainties of the cross sections among the
different c.m. energy points, and comes mainly from the
fit to the Mðlþl−Þ spectrum to determine the signal yields.
The corresponding uncertainty is estimated by including
the uncorrelated uncertainties in the dressed cross section
fits, and the differences on the parameters are taken as the
corresponding uncertainties. The second part, including
all other uncertainties of the cross sections, is common for
all data points (6.0%), and only affects the parameter
ðΓeeBÞ. The systematic uncertainties in the resonance
parameters are shown in Table IV.

TABLE III. The relative systematic uncertainties for the cross
sections of the process eþe− → K0

SK
0
SJ=ψ .

Source
Systematic

uncertainty (%)

MC model 6.8
Kinematic fit 3.7
K0

S reconstruction 3.6
Tracking 2.0
Photon reconstruction 2.0
(1þ δ) 2.7
J=ψ mass window 1.0
Luminosity 0.6
Branching fraction 0.4

Total 9.5
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FIG. 4. Maximum likelihood fits to the dressed cross sections
of eþe− → K0

SK
0
SJ=ψ . The four solutions are shown separately in

panels (a)–(d). The dots with error bars are the dressed cross
sections of eþe− → K0

SK
0
SJ=ψ ; the red solid curves are the fit

results using a coherent sum of three Breit-Wigner functions; and
the green, brown, and the cyan dashed curves show the con-
tributions of the Yð4230Þ, Yð4500Þ, and Yð4710Þ states, respec-
tively. The mass and width of the Yð4500Þ state are fixed. The
statistical and uncorrelated systematic uncertainties are included.

M. ABLIKIM et al. PHYS. REV. D 107, 092005 (2023)
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Use  data at  between 4 and 5 GeV to study…

Y Physics  = unexpected features (states?) in exclusive  cross sections ( )
New Results ( 2022):  

 [PRD 106, 072001 (2022)];  [CPC 46, 111002 (2022)];  [PRD 107, 092005 (2023)];
 and  [JHEP 05, 155 (2022)];  [PRL 130, 121901 (2023)];  [PRD 106, 052012 (2022)];
 [arXiv:2305.10789];   [PRL 129, 102003 (2022)];  [JHEP 02, 171 (2023)];   [JHEP 01, 132 (2023)]

Questions:  
How many and where are the poles (resonances) in the scattering matrix?

Future/Ongoing Work:  
Perform a global K-matrix fit to many channels.

X(3872) Physics  = well-known candidate for a  molecular state
New Results ( 2022):  

 [PRL 130, 151904 (2023)];   [PRD 107, 032007 (2023)];   [PRD 105, 072009 (2022)]

Questions:  
What is the ?  Can we use it to further study the properties of hadronic molecules?

Future/Ongoing Work:  
Study the line shape in  and look for new decays and production mechanisms.

 Physics and  Physics  = peaks with  seen near , , and  thresholds 
New Results ( 2022):  

 [PRL 129, 112003 (2022)];   [CPC 47, 033001 (2023)]

Questions:  
Are the  and  peaks evidence for further hadronic molecules or kinematic thresholds or something else?

Future/Ongoing Work:  
Study the line shapes in more detail with input from theory.
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 + c.c.e+e− → D*+D(*)−

described above. The total cross sections of e+e− → D∗+D− + c.c. are twice the average

values. The comparison of the cross section of e+e− → D∗+D− + c.c. between this work

and those of the Belle [21] experiment is shown in Figure 5(b). They are overall compatible.
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Figure 4. (a) The Born cross sections of e+e− → D∗+D∗− as a function of the c.m. energy
for the reconstructed D∗+ (red dots) and D∗− candidates (blue triangles). (b) The comparison
of the average cross sections for e+e− → D∗+D∗− between this work (red dots) and those of the
Belle experiment [21] (black circles). Error bars are the quadratic sum of statistical and systematic
uncertainties.
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Figure 5. (a) The Born cross sections of the reaction channel e+e− → D∗+D− for the recon-
structed D∗+ candidates (red dots) and e+e− → D+D∗− for the reconstructed D∗− candidates
(blue triangles) as functions of the c.m. energy. (b) The comparison of the combined cross sections
for e+e− → D∗+D− + c.c. between this work (red dots) and those of the Belle experiment [21]
(black circles). Error bars are the quadratic sum of statistical and systematic uncertainties.

6 Systematic uncertainties

The systematic uncertainties in the cross-section measurements mainly come from luminos-

ity determination, track reconstruction efficiency, PID efficiency, and the branching fractions

of the charmed meson decays, kinematic fit, ISR correction factor, fit range and modeling

of the signal and background shapes. The uncertainty from the vacuum polarization is
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Figure 5. (a) The Born cross sections of the reaction channel e+e− → D∗+D− for the recon-
structed D∗+ candidates (red dots) and e+e− → D+D∗− for the reconstructed D∗− candidates
(blue triangles) as functions of the c.m. energy. (b) The comparison of the combined cross sections
for e+e− → D∗+D− + c.c. between this work (red dots) and those of the Belle experiment [21]
(black circles). Error bars are the quadratic sum of statistical and systematic uncertainties.

6 Systematic uncertainties

The systematic uncertainties in the cross-section measurements mainly come from lumi-
nosity determination, track reconstruction efficiency, PID efficiency, and the branching
fractions of the charmed meson decays, kinematic fit, ISR correction factor, fit range and
modeling of the signal and background shapes. The uncertainty from the vacuum polariza-
tion is negligible. The uncertainties due to luminosity, track reconstruction efficiency, PID
efficiency, and the branching fractions of charmed meson decays are common while the other
uncertainties are individual and uncommon for reconstructed D∗+ and D∗− candidates.

• Luminosity, track reconstruction efficiency, and PID efficiency. The integrated lu-
minosity is measured using Bhabha scattering events with an uncertainty of 1.0% [29,
30]. The uncertainty of the track reconstruction efficiency is 1.0% per track, taken
from ref. [12]. The uncertainty associated with PID efficiency is taken conservatively
to be 1.0% per track [12].

• Branching fractions. The uncertainties of the branching fractions B(D∗+ → π+D0)
and B(D0 → K−π+) are 0.74% and 0.78% [42], respectively.

Therefore, the common systematic uncertainty is 4.49% in this analysis by summing
the individual ones in quadrature.

• Kinematic fit. The systematic uncertainty from the kinematic fit is estimated by
correcting the helix parameters of charged tracks according to the method described
in ref. [49]. The signal MC sample with the track helix parameter correction applied
is taken as the nominal one. The difference between detection efficiencies obtained
from MC samples with and without correction is taken as the systematic uncertainty.
It is in the range between 0.86% and 2.40% for different energy points.

– 11 –

2
3 4

2 3
4

  Open-charm cross sections apparently show complex interference patterns.⟹

Y Physics



Use  data at  between 4 and 5 GeV to study…

Y Physics  = unexpected features (states?) in exclusive  cross sections ( )
New Results ( 2022):  

 [PRD 106, 072001 (2022)];  [CPC 46, 111002 (2022)];  [PRD 107, 092005 (2023)];
 and  [JHEP 05, 155 (2022)];  [PRL 130, 121901 (2023)];  [PRD 106, 052012 (2022)];
 [arXiv:2305.10789];   [PRL 129, 102003 (2022)];  [JHEP 02, 171 (2023)];   [JHEP 01, 132 (2023)]

Questions:  
How many and where are the poles (resonances) in the scattering matrix?

Future/Ongoing Work:  
Perform a global K-matrix fit to many channels.

X(3872) Physics  = well-known candidate for a  molecular state
New Results ( 2022):  

 [PRL 130, 151904 (2023)];   [PRD 107, 032007 (2023)];   [PRD 105, 072009 (2022)]

Questions:  
What is the ?  Can we use it to further study the properties of hadronic molecules?

Future/Ongoing Work:  
Study the line shape in  and look for new decays and production mechanisms.

 Physics and  Physics  = peaks with  seen near , , and  thresholds 
New Results ( 2022):  

 [PRL 129, 112003 (2022)];   [CPC 47, 033001 (2023)]

Questions:  
Are the  and  peaks evidence for further hadronic molecules or kinematic thresholds or something else?

Future/Ongoing Work:  
Study the line shapes in more detail with input from theory.
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FIG. 2. Three fitting results for the measured Born cross sections of e+e− → D∗+
s D∗−

s . The black dots with error bars are
for the measured Born cross sections. In each plot, the black curve represents the fit; the green dashed, blue two-dashed and
red long-dashed ones are for the three BWs, respectively, and the pink dot-dashed is for the PHSP contributions.

TABLE I. The fitting results of the Born cross sections.

Result 1 Result 2 Result 3
M1 (MeV/c2) 4186.5±9.0 4193.8±7.5 4195.3±7.5
Γ1 (MeV) 55±17 61.2±9.0 61.8±9.0

M2 (MeV/c2) 4414.5±3.2 4412.8±3.2 4411.0±3.2
Γ2 (MeV) 122.6±7.0 120.3±7.0 120.0±7.0

M3 (MeV/c2) 4793.3±7.5 4789.8±9.0 4786±10
Γ3 (MeV) 27.1±7.0 41±39 60±35

are common along all the energy points, while others are
estimated depending on the ECM range.

The systematic uncertainties of tracking (particle iden-
tification) efficiency are estimated to be 0.5% (0.5%) per
K± and 0.2% (0.4%) per π± with a control sample of
D±

s → K+K−π± decays [44]; thus a 1.2% (1.4%) sys-
tematic uncertainty is assigned for the tracking efficien-
cy (particle identification) in the D±

s → K+K−π± can-
didates selection. The systematic uncertainty in the ef-
ficiency for photon reconstruction is set conservatively
to 1% based on a study with a sample of J/ψ → ρπ
events [45]. From fits of the invariant mass spectrum of
D±

s → K+K−π± candidates and of the modified missing
mass of D∗±

s → γK+K−π± candidates, the efficiencies
for signal in the mass window for both data and MC
samples can be calculated, and the relative differences in
efficiency between data and MC simulation are taken as
systematic uncertainties for theD±

s mass window and the
modified missing mass window, respectively, which cover
the possible resolution difference and the zero width set-
ting for D∗±

s in MC simulation. The maximum difference
in the dressed cross sections between the last two itera-
tions, 0.2%, is taken as the systematic uncertainty for the
stability of the iteration results. The systematic uncer-
tainty of the branching fraction for D±

s → K+K−π± and
D∗±

s → γD±
s is taken from Ref. [34]. The integrated lu-

minosities are measured by QED events [46] with a sys-
tematic uncertainty of 1%. The uncertainty from VP
correction is 0.1% [38]. The uncertainty of the peaking
background subtraction from the e+e− → D±

s D
∗∓
s pro-

cess is estimated to be 1% mainly from the uncertainties

of cross section measurement. Instead of the HELAMP
model, the PHSP model [30, 31] is also used to generate
e+e− → D∗±

s D∗∓
s events and the maximum difference in

efficiency, 2.2%, is taken as the systematic uncertainty for
the generation model. We get the total common system-
atic uncertainty by adding them in quadrature, which is
4.0%.

The shape related parameters ∆m, ∆σ, and c1 are
fixed to the averaged values in the nominal fit (see Fig. 1
for an example). The differences of the fitted signal
yields, when these parameters are floating, are within
statistical uncertainties. However, to cover these differ-
ences conservatively, the whole energy range is divid-
ed into three intervals (4.226, 4.3) GeV, (4.3, 4.4) GeV,
and (4.4, 4.95) GeV with assigned systematic uncertain-
ties 2%, 5%, and 2%, respectively, due to the signal and
background shapes. The boundaries of the nominal fit-
ting range for MγKKπ, which is [2.02, 2.20] GeV/c2, are
changed by 10 MeV to estimate the corresponding fitting
range uncertainties. These are assigned to be 4%, 5%,
and 4%, respectively, in the energy intervals (4.226, 4.3)
GeV, (4.3, 4.4) GeV, and (4.4, 4.95) GeV. Eq. (2) is used
to fit the data iteratively and get the converged dressed
cross sections, during that the cross section line shape
is similar to the one in Fig. 2(a). Other two differ-
ent line shapes with comparable fitting goodness, that
are similar to the results shown in Fig. 2(b) and 2(c),
plus an additional line shape obtained by the LOWESS
(LOcally WEighted Scatterplot Smoothing) [48, 49], are
used to calculate the systematic uncertainties for the
line shape description by repeating the iterations and
taking the differences in the results. The systematic
uncertainty of the measured ECM is found to be less
than 0.8 MeV (0.6 MeV) for 4.226 < ECM < 4.6 GeV
(4.6 < ECM < 4.95 GeV) [24–26] and it is used to shift
all the energy points to conservatively estimate the im-
pacts on the measured cross sections. Since the cross
section line shape varies dramatically near the threshold,
the ECM uncertainty could have significant impact on the
ISR correction factors nearby, subsequently affecting the
measured cross sections and the fitting results around the

45
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Y Physics  = unexpected features (states?) in exclusive  cross sections ( )
New Results ( 2022):  

 [PRD 106, 072001 (2022)];  [CPC 46, 111002 (2022)];  [PRD 107, 092005 (2023)];
 and  [JHEP 05, 155 (2022)];  [PRL 130, 121901 (2023)];  [PRD 106, 052012 (2022)];
 [arXiv:2305.10789];   [PRL 129, 102003 (2022)];  [JHEP 02, 171 (2023)];   [JHEP 01, 132 (2023)]

Questions:  
How many and where are the poles (resonances) in the scattering matrix?

Future/Ongoing Work:  
Perform a global K-matrix fit to many channels.

X(3872) Physics  = well-known candidate for a  molecular state
New Results ( 2022):  

 [PRL 130, 151904 (2023)];   [PRD 107, 032007 (2023)];   [PRD 105, 072009 (2022)]

Questions:  
What is the ?  Can we use it to further study the properties of hadronic molecules?

Future/Ongoing Work:  
Study the line shape in  and look for new decays and production mechanisms.

 Physics and  Physics  = peaks with  seen near , , and  thresholds 
New Results ( 2022):  

 [PRL 129, 112003 (2022)];   [CPC 47, 033001 (2023)]

Questions:  
Are the  and  peaks evidence for further hadronic molecules or kinematic thresholds or something else?

Future/Ongoing Work:  
Study the line shapes in more detail with input from theory.

e+e− ECM

e+e− σ(EEM)
≥

π+π−J/ψ K+K−J/ψ KSKSJ/ψ
D*+D*− D*+D− D*0D*−π+ D+D−π+π−

D*+
s D*−

s π+π−ψ2(3823) π0π0ψ2(3823) ϕχcJ

D*D̄
≥

e+e− → ωX(3872) e+e− → X(3872) X(3872) → n(π)χc0

X(3872)

X(3872) → D*0D̄0

Zc Zcs I ≠ 0 DD* D*D* DsD*
≥

e+e− → KSZ0
cs → Ks(D+

s D*−) e+e− → K+Z′￼−
cs → K+(D*−

s D*0)

Zc Zcs

      Ryan Mitchell (Indiana University)   —   Overview of XYZ Physics at the BESIII Experiment 13

Overview of XYZ Physics at the BESIII Experiment

1

ηc(11S0)

J/ψ(13S1)

ψ′(23S1)

ψ′′(13D1)

hc(11P1)

χc0(13P0)

χc1(13P1)
χc2(13P2)

ηc′(21S0)

3.0

3.2

3.4

3.6

3.8
2MDM

AS
S 

  [
G

eV
/c

2 ]

0−+ 1−− 1+− 0++ 1++ 2++

JPC

ψ(33S1)

ψ(43S1)

ψ(23D1)

χc2(23P2)

4.4

4.2

4.0 ηc(31S0)

ηc(41S0)

hc(21P1)

χc0(23P0)

χc1(23P1)

χc2(33P2)
hc(31P1)

χc0(33P0)

χc1(33P1)Y(4260)

Y(4360)

X(3872)
Zc(3900)

predicted, discovered

predicted, undiscovered

unpredicted, discovered

Zc(4430)

Zc(4020)

X(3915)

JPC

2

3

4

5

6Y Physics

derived from MC simulation convolved with a Gaussian
function with free parameters to account for the resolution
difference between data and MC simulation. The back-
ground shape is parametrized as a sum of the shape from
unmatched MC samples and a second-order Chebyshev
function. The Born cross sections (σBorn) at the individual
energy points are defined as

σBorn ¼ σdressed
1

j1−Πj2

¼
Nobs

D0ð−Þ-tag

Lint ϵD0ð−Þ-tag B̂D0ð−Þ-tag ð1þ δISRÞ 1
j1−Πj2

:

Here, Nobs
D0ð−Þ-tag

is calculated according to σBorn which is
taken as a common parameter in the simultaneous fit,
ϵD0ð−Þ-tag is the detection efficiency, Lint is the integral
luminosity measured by Refs. [48–50], B̂D0ð−Þ-tag stands for
an equivalent BF including all the related products of the
BF obtained from the PDG [1], while ð1þ δISRÞ and
ð1=j1 − Πj2Þ are the correction factors for ISR and vacuum
polarization [66]. To estimate the ISR factors and consider
the correlation effect on detection efficiencies, an iterative
weighting method [67] is performed to correct the corre-
sponding dressed cross section values. All the numerical
results from the fits are summarized in Tables I and II of the
Supplemental Material [54] for the XYZ and scan data
samples, respectively.
The systematic uncertainties in the Born cross section

measurements, as detailed in the Supplemental Material
[54], are divided into three parts. The first part relates to the
determination of the detection efficiency, including the
tracking, particle identification, π0 reconstruction, signal
region requirements, signal decay model, and ISR correc-
tion factor. The second part relates to the estimation of
signal yields from the fit, consisting of the signal and
background shapes as well as the fit range. The last part
includes the uncertainties from the luminosities and the
intermediate BFs. The items in the first and third parts are
completely correlated between different energy points,
except for the uncertainties due to signal region require-
ments and the signal decay model. For the second part at
low-yield (< 300 events) energy points, the systematic
uncertainties obtained at their nearest energy point in high-
yield (> 300 events) XYZ data are used. All the systematic
uncertainties are studied for each tag method and combined
to obtain the total systematic uncertainties according to
their signal yields. The total relative systematic un-
certainties at different energy points are between 6.7
and 9.6%.
The dressed cross sections obtained at various energy

points are shown in Fig. 3. Three possible enhancements
around 4.20, 4.47, and 4.67 GeV are observed. To fit this
line shape, we use the coherent sum of a continuum
amplitude for eþe− → D%0D%−πþ and three resonance

amplitudes described by relativistic Breit-Wigner (BW)
functions

σdressedð
ffiffiffi
s

p
Þ ¼ C0

""""C1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φð

ffiffiffi
s

p
Þ

q
þ
X3

k¼1

BWkð
ffiffiffi
s

p
Þeiϕk

""""
2

;

where C0 ¼ 3.894 × 105 nb · GeV2 is a unit conversion
factor, C1 is the continuum free parameter, and ϕk is the
phase angle among different components. The relativistic
BW amplitude for a resonance Rk → D%0D%−πþ is
written as

BWkð
ffiffiffi
s

p
Þ ¼ mkffiffiffi

s
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12π Γee

k Bk Γtot
k

p

s −m2
k þ imkΓtot

k

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φð

ffiffiffi
s

p
Þ

ΦðmkÞ

s

;

where mk and Γtot
k are the kth resonance mass and total

width, respectively, Γee
k · Bk is the leptonic width of the kth

resonance times the BF of Rk → D%0D%−πþ, and Φð
ffiffiffi
s

p
Þ is

the three body phase space contribution defined as
Φð

ffiffiffi
s

p
Þ ¼ ∬ ½1=ð2πÞ332ð ffiffiffi

s
p

Þ3'dm2
23dm

2
12 [1].

The χ2 of the fit to the dressed cross section line shape is
constructed according to the method in Ref. [68] by
incorporating both the statistical and systematic uncertainty
and considering both the correlated and uncorrelated terms.
To avoid biasing the χ2 minimization, the correlated
uncertainties are calculated according to the predicted cross
section values times the corresponding relative uncertain-
ties when constructing the covariance matrix [69].
The fit result is shown in Fig. 3. There are eight solutions

with the same fit quality with identical continuum con-
tributions as well as masses and widths for the resonances
[57]. However, the resulting product Γee

k Bk and phases ϕk
are different, as plotted in Fig. 2 of the Supplemental
Material [54]. The numerical results are listed in Table I. In
general, the magnitudes of Γee

k Bk become increased when
the destructive interference effects due to relative phase

FIG. 3. The fit results (solution I) of the dressed cross section
line shape of eþe− → D%0D%−πþ. The black and red points with
error bars are data, including statistical and systematic uncer-
tainties. The blue curve is the total fit. The green, azure, and
orange dashed curves describe three BW functions, and the pink
dashed curve is the three body phase space contribution.

PHYSICAL REVIEW LETTERS 130, 121901 (2023)
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e+e− → D*0D*−π+ + c . c .
PRL 130, 121901 (2023)

R → πþπ−DþD−, and c is a constant describing the
magnitude of Φ4ð

ffiffiffi
s

p
Þ.

The fit with a single resonance [Fig. 8(a)] results in a
χ2=n:d:f: ¼ 77.8=34, corresponding to a CL of 2.8 × 10−5.
This indicates that using R0 only cannot describe the cross
section line shape well. Adding another BW function or a
four-body phase space term improves the fit quality to an
acceptable level of χ2=n:d:f: ¼ 46.1=30 (CL ¼ 3.0%) or
59.9=32 (CL ¼ 0.2%), respectively. The fits are shown in
Figs. 8(b) and 8(c), respectively, and the statistical signifi-
cance of the second resonance or the four-body phase space
term is found to be 4.7σ and 3.8σ, respectively. The fit with
both a second resonance and a four-body phase space term
shown in Fig. 8(d) improves the fit very little (Δχ2 ¼ 0.2)
compared with the fit with two resonances but improves
relatively large (Δχ2 ¼ 14.0) compared with that with the
coherent sum of a resonance and a four-body phase space
term. From these we conclude that we observe a resonance
at around 4.4 GeV and evidence for either another reso-
nance at 4.7 GeV or a nonresonant amplitude described
with a four-body phase space or the combination of both
of them.

The resonance parameters for R0 obtained by fitting with
Eq. (4) are m0 ¼ ð4371.6% 2.5Þ MeV=c2, Γtot

0 ¼ ð166.8%
4.2Þ MeV, and Γeþe−

0 B0 ¼ ð12.0% 0.3Þ eV; whereas those
from fits with other scenarios are listed in Tables III, IV, and
V. There are multiple solutions in the latter cases where the
masses and widths are identical but the amplitudes and the
relative phases are different in different solutions, as can be
seen from the tables. The resonance parameters for R0

obtained by fitting with Eq. (4) are taken as the nominal
results and the difference from those obtained by adding
R1, or Φ4, or both of them are taken as the systematic
uncertainties as discussed later in Sec. VII B.
Other than the R0 and R1 contributions, we also test the

statistical significances of the possible structures aroundffiffiffi
s

p
¼ 4.230 and 4.914 GeV. By adding the ψð4230Þ

amplitude to the fit, with the mass and width fixed
according to the world averaged values [1], its significance
is found to be only 0.9σ. By adding a new resonance at high
energy with free mass and width, the statistical significance
is found to be 0.6σ.
Note that there are three points (

ffiffiffi
s

p
from 4.4 to 4.6 GeV)

systematically below the fitted line. Since the integrated
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FIG. 8. Cross section of the process eþe− → πþπ−DþD− and fits with Eq. (4) (a), with Eq. (5) (solution II) (b), with Eq. (6) (solution
I) (c), and with Eq. (7) (solution I) (d). Other solutions of fits with Eqs. (5), (6), and (7) are shown in Tables III, IV, and V, respectively.
Dots with error bars are data with the statistical uncertainties and the red solid lines show the best fit results. For (b), the black and green
solid lines describe R0 and R1 components, respectively, and the red dashed line describes the interference between them; for (c), the
black and green solid lines describe R0 and Φ4 components, respectively, and the red dashed line describes the interference between
them; and for (d), the black, green, and pink solid lines describe R0, R1, and Φ4 components, respectively, and the red, green, and blue
dashed lines describe the interference between R0 and R1, R0 and Φ4, and R1 and Φ4, respectively.
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PRD 106, 052012 (2022)

  Three and four-body open-charm cross sections also show non-trivial behavior.⟹
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Use  data at  between 4 and 5 GeV to study…

Y Physics  = unexpected features (states?) in exclusive  cross sections ( )
New Results ( 2022):  

 [PRD 106, 072001 (2022)];  [CPC 46, 111002 (2022)];  [PRD 107, 092005 (2023)];
 and  [JHEP 05, 155 (2022)];  [PRL 130, 121901 (2023)];  [PRD 106, 052012 (2022)];
 [arXiv:2305.10789];   [PRL 129, 102003 (2022)];  [JHEP 02, 171 (2023)];   [JHEP 01, 132 (2023)]

Questions:  
How many and where are the poles (resonances) in the scattering matrix?

Future/Ongoing Work:  
Perform a global K-matrix fit to many channels.

X(3872) Physics  = well-known candidate for a  molecular state
New Results ( 2022):  

 [PRL 130, 151904 (2023)];   [PRD 107, 032007 (2023)];   [PRD 105, 072009 (2022)]

Questions:  
What is the ?  Can we use it to further study the properties of hadronic molecules?

Future/Ongoing Work:  
Study the line shape in  and look for new decays and production mechanisms.

 Physics and  Physics  = peaks with  seen near , , and  thresholds 
New Results ( 2022):  

 [PRL 129, 112003 (2022)];   [CPC 47, 033001 (2023)]

Questions:  
Are the  and  peaks evidence for further hadronic molecules or kinematic thresholds or something else?

Future/Ongoing Work:  
Study the line shapes in more detail with input from theory.
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Figure 1. The fit to the M(γγJ/ψ) distribution for the data from √
s = 4.23 to 4.70GeV. The

dots with error bars are the data. The red solid curve is the total fit. The blue dashed curve is
the background in the fit and the green filled histogram is the normalized background from the
inclusive MC sample.

The total number of ψ2(3823) candidates extracted from the fit is Ntotal = 30.3± 6.8.
A χ2-test to the fit quality gives χ2/ndf = 12.13/26 = 0.47. According to Wilks’s theo-
rem [37], the statistical significance of the ψ2(3823) signal is estimated to be 6.0 standard de-
viations, by comparing the difference between the log-likelihood values [∆(−2 lnL) = 40.6]
with and without ψ2(3823) signal in the fit, and taking into account the change of the
number of degrees of freedom (∆ndf = 2).

In order to estimate the width of the ψ2(3823), we slightly modify the fit function
described above. We replace the PDF of the ψ2(3823) signal with a floating-width Breit-
Wigner function convolved with Gaussian functions to account for resolution effects. The
parameters of the Gaussian functions are fixed according to the study of the resolution
in MC simulation, and the resolution difference between data and MC simulation. The
ψ2(3823) width is measured to be Γ[ψ2(3823)] = (2.9 ± 5.9)MeV, corresponding to an
upper limit of 18.8MeV at the 90% confidence level (including the systematic uncertainty
from background shape). Here the upper limit is set based on the Bayesian method [9]. The
measured mass and width of the ψ2(3823) are consistent with the previous measurements
by the BESIII [10, 16] and LHCb [17] experiments.

5 Measurement of the ratio of average cross sections

Due to the limited data sample, cross sections at each CM energy cannot be effectively
measured. Instead, the average cross sections for e+e− → π0π0ψ2(3823), denoted by σave,
and e+e− → π+π−ψ2(3823), denoted by σ′

ave, are measured as:

σ(
′)
ave =

∑
i σ

(′)
i Li(1 + δi)ε(

′)
i

∑
i Li(1 + δi)ε(

′)
i

= N (′)
total∑

i Li(1 + δi)ε(
′)
i

1
B(′) , (5.1)

where Ntotal is the total number of observed ψ2(3823) candidates; σi, Li, (1 + δi), and
εi are the cross section, luminosity [19–21], radiative correction factor, and efficiency at

– 5 –

eþe− → πþπ−ψ2ð3823Þ. Since visible enhancements are
observed near 4.40 and 4.65 GeV in the cross section line
shape, the radiative correction factors are first obtained by
modeling the line shape with two coherent BW resonances,
and then iterated by updating the cross section measurement
until this procedure converges, with a relative difference for
ð1þ δÞϵ < 1% between the last two iterations. The numeri-
cal results of the cross section measurement are listed in
Supplemental Material [38].
To extract the resonance structures in σ½eþe− →

πþπ−ψ2ð3823Þ%, a maximum likelihood fit using the
coherent sum of two BW resonances to model the measured
cross section is performed to data events in the ψ2ð3823Þ
signal interval ½3.815; 3.835% GeV=c2. The likelihood is
constructed as that in Ref. [39]. There are two solutions
with identical fit quality, and all resonance parameters from
the fit are summarized in Table I. In addition, a fit with one
single BW resonance to model the cross section yields
M½R% ¼ 4417.5' 26.2 MeV=c2, Γtot½R%¼245'48MeV,
Γeþe−B1B2 ¼ 0.57' 0.08 eV=c2. The fit result is shown
in Fig. 2. To discriminate the two resonances hypothesis
(H1) from the one resonance hypothesis (H0) for the
cross section interpretation, the likelihood ratio t ¼
−2 lnðL1BW=L2BWÞ is used as a test variable. We perform
2000 MC pseudoexperiments for both hypotheses and the
corresponding t distributions are shown in Fig. 2. The
t ¼ 13.6 from data is positive and slightly favorsH1. The p
value to reject H0 is 8.2%, corresponding to a significance
of 1.7σ. Other possible continuum parametrizations of the
cross section in the fit, such as a shape of three-body phase
space, 1=sn, or a product of phase space with 1=sn are also
tested, and they are not able to describe data well. The
significance for the resonance hypothesis (with either one

or two resonances) over continuum is estimated to be
greater than 5σ.
The systematic uncertainties in the ψ2ð3823Þ mass

measurement include those from the absolute mass scale,
resolution, parametrization of the ψ2ð3823Þ signal and
background shapes. In the ψ2ð3823Þ mass measurement,
we use the ψð2SÞ mass to calibrate the absolute mass scale.
The uncertainty from the ψð2SÞ mass measurement is
therefore taken as the systematic uncertainty due to the
absolute mass scale, which is 0.12 MeV=c2. To increase
the ψð2SÞ sample size and thus reduce the ψð2SÞ mass
uncertainty, we also employ ψð2SÞ → γχc2 and ψð2SÞ →
ηJ=ψ data events. The resolution difference between data
and MC simulation is also estimated using the ψð2SÞ
events. Fixing the resolution from a free value to the one
measured with ψð2SÞ events, the mass difference for
ψ2ð3823Þ in the fit is 0.01 MeV=c2. In the nominal fit,
the signal PDF of ψ2ð3823Þ is parametrized as a MC
simulated shape convolved with Gaussian resolution.
A signal PDF parametrized as a BW convolved with
Gaussian resolution is also tested, and the mass difference
(0.03 MeV=c2) is taken as the systematic uncertainty from
signal parametrization. Changing the background shape
from a second-order polynomial to a linear term yields
0.03 MeV=c2 mass difference associated with the back-
ground shape parametrization. Assuming that all the
sources are independent, the total systematic uncertainty
is calculated by adding them in quadrature, resulting in
0.13 MeV=c2 for the ψ2ð3823Þmass measurement. For the
ψ2ð3823Þwidth, we measure the upper limits with all of the
above systematic uncertainty sources, and report the most
conservative one.
The systematic uncertainties in the cross section meas-

urement mainly come from luminosity measurement,
efficiencies, kinematic fit, signal shape, background shape,
decay model, radiative correction, branching ratios and MC
sample size. The luminosity is measured using Bhabha

FIG. 2. Left panel: result of the fit to the
ffiffiffi
s

p
-dependent cross

section σ½eþe− → πþπ−ψ2ð3823Þ% times the branching ratio
B½ψ2ð3823Þ → γχc1%. Dots with error bars are data, and the
red solid (blue dashed) curve shows the fit with two coherent
resonances (one resonance). Right panel: the likelihood ratio t ¼
−2 lnðL1BW=L2BWÞ distribution from MC pseudoexperiments
under two cross section hypothesis. Red dots (blue squares)
with error bars are the two resonances (one resonance) hypoth-
esis, and the black line shows data measurement.

TABLE I. Results of the fit to the distribution of σ½eþe− →
πþπ−ψ2ð3823Þ%B½ψ2ð3823Þ → γχc1% with two coherent resonan-
ces. Here,M½Ri% and Γtot½Ri% represent the mass (in MeV=c2) and
total width (in MeV) of resonance Ri, respectively; Γeþe−B

Ri
1 B2 is

the product of the eþe− partial width (in eV=c2) and branching
fraction of Ri → πþπ−ψ2ð3823Þ → πþπ−γχc1 (i ¼ 1, 2). The
parameter ϕ (in degrees) is the relative phase between the two
resonances. The first uncertainties are statistical and the second
systematic.

Parameters Solution I Solution II

M½R1% 4406.9' 17.2' 4.5
Γtot½R1% 128.1' 37.2' 2.3

Γeþe−B
R1

1 B2
0.36' 0.10' 0.03 0.30' 0.09' 0.03

M½R2% 4647.9' 8.6' 0.8
Γtot½R2% 33.1' 18.6' 4.1

Γeþe−B
R2

1 B2
0.24' 0.07' 0.02 0.06' 0.03' 0.01

ϕ 267.1' 16.2' 3.2 −324.8' 43.0' 5.7
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initial eþe− c.m. system. The χ2=ndf of the kinematic fit is
required to be less than 15=1. For multiphoton events
(Nγ ≥ 2), we use the full reconstruction strategy as
described in Ref. [21].
To reject radiative Bhabha and radiative dimuon

(γeþe−=γμþμ−) background events with γ conversion
(γ → eþe−), where the converted electrons are misidenti-
fied as pions, the cosine of the opening angle of the pion
pairs is required to be less than 0.98. The background
from eþe− → ηJ=ψ with η → πþπ−π0=γπþπ− is effec-
tively rejected by the invariant mass requirement
Mðγγmissπþπ−Þ > 0.65 GeV=c2. In order to remove pos-
sible backgrounds from eþe− → γISRψð2SÞ, eþe− →
ηψð2SÞ with η → γγ, and eþe− → γγψð2SÞ processes,
the invariant mass of πþπ−J=ψ is required to satisfy
jMðπþπ−J=ψÞ −m½ψð2SÞ%j > 7 MeV=c2 [34,35].
According to a resolution of ð14.2& 0.5Þ MeV from

ψð2SÞ data events for the Mðlþl−Þ mass, the J=ψ signal
region is defined as 3.06 < Mðlþl−Þ < 3.135 GeV=c2.
To estimate non-J=ψ backgrounds, we also define J=ψ
mass sidebands as 2.950 < Mðlþl−Þ < 3.025 GeV=c2 or
3.170 < Mðlþl−Þ < 3.245 GeV=c2. To reconstruct the
χc1 candidate from the ψ2ð3823Þ decay, the 4 momenta
of the two radiative photons after the 1C kinematic fit are
boosted to the c.m. frame of the ψ2ð3823Þ system. The
photon with the higher energy is used to reconstruct χc1,
while the lower-energy one is considered to originate from
the ψ2ð3823Þ decay. MC simulation shows that the mis-
assignment of the two photons is negligibly small (< 1%).
The mass window of the reconstructed χc1 candidates is
defined as 3.48 < MðγHJ=ψÞ < 3.53 GeV=c2 [34], with a
signal efficiency of 96%.
The possible remaining backgrounds mainly come from

eþe− → ðη0=γωÞJ=ψ , with ðη0=ωÞ → γγπþπ−=γπþπ−, and
πþπ−πþπ−ðπ0=γγÞ. The eþe− → ðη0=γωÞJ=ψ backgrounds
are measured by BESIII using the same data set [36,37] and
can be reliably simulated. The eþe− → πþπ−πþπ−ðπ0=γγÞ
continuum background can be estimated by data in the J=ψ
mass sidebands. All these background sources are found
to be small, and only produce flat distributions in the
ψ2ð3823Þ signal region.
To achieve better sensitivity, the one-photon events

(partial reconstruction) and the multiphoton events (full
reconstruction) are separated. Figure 1 shows the
Mrecoilðπþπ−Þ distributions for data, where obvious
ψð2SÞ and ψ2ð3823Þ signal peaks are observed in both
the one-photon and multiphoton events. Here,
Mrecoilðπþπ−Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðPeþe− − Pπþ − Pπ−Þ2

p
is the recoil mass

of πþπ−, where Peþe− and Pπ& are the 4 momenta of the
initial eþe− system and the reconstructed π& candidates,
respectively. For this expression, we use the π& momenta
without the kinematic fit correction because of the good
resolution for low momentum pions according to MC
simulation studies. A simultaneous unbinned extended

maximum likelihood fit to the two Mrecoilðπþπ−Þ distribu-
tions is performed to determine the parameters of the
ψ2ð3823Þ state. In the fit, the signal probability density
function (PDF) is represented by ψð2SÞ and ψ2ð3823Þ
(with input mass of 3.823 GeV=c2 and a zero natural
width) MC simulated shapes, convolved with Gaussian
functions with free mean μ and width σ to account for the
mass and resolution difference between data and MC
simulation, respectively. The background shape is para-
metrized as a second-order polynomial.
The fit results, also shown in Fig. 1, yield

M½ψ2ð3823Þ% ¼ M½ψ2ð3823Þ%input þ μψ2ð3823Þ − μψð2SÞ ¼
3823.12 & 0.43 MeV=c2, where M½ψ2ð3823Þ%input is the
input ψ2ð3823Þmass in MC simulation; μψ2ð3823Þ ¼ 1.02&
0.43 MeV=c2 and μψð2SÞ ¼ 0.90& 0.22 MeV=c2 are the
mass shift values for the ψ2ð3823Þ and ψð2SÞ shapes,
respectively. The total number of ψ2ð3823Þ signal events
determined from the fit is 120.0& 13.6. The statistical
significance of the ψ2ð3823Þ signal is estimated to
be 13.4σ, by comparing the difference between the log-
likelihood value [ΔðlnLÞ ¼ 96.6] with or without the
ψ2ð3823Þ signal in the fit and taking the change of the
number of degrees of freedom (Δndf ¼ 4) into account. We
are not able to measure the intrinsic width of ψ2ð3823Þ
precisely because of the limited data sample size. From a fit
using a Breit-Wigner (BW) function (with a width param-
eter that is left free) convolved with a double Gaussian
function as signal PDF for ψ2ð3823Þ, we set an upper limit
of Γ½ψ2ð3823Þ% < 2.9 MeV at the 90% confidence
level (CL).
The product of the

ffiffiffi
s

p
-dependent eþe−→πþπ−ψ2ð3823Þ

cross section and the branching ratio of ψ2ð3823Þ → γχc1 is
calculated as σ½eþe− → πþπ−ψ2ð3823Þ%B½ψ2ð3823Þ →
γχc1% ¼ ½Nsig=LintϵBð1þ δÞ%, where Nsig is the number of
ψ2ð3823Þ → γχc1 signal events obtained from a same fit
(σ fixed to previous result) to the Mrecoilðπþπ−Þ distribution
at a certain c.m. energy, Lint is the integrated luminosity,
ϵ is the detection efficiency, B is the branching fraction of
χc1 → γJ=ψ → γlþl−, and (1þ δ) is the radiative correc-
tion factor, which depends on the cross section line shape of

FIG. 1. Result of the simultaneous fit to the Mrecoilðπþπ−Þ
distributions for one-photon events (left) and multiphoton events
(right). Dots with error bars are the selected data, the red solid
curves are fit results, the blue dashed curves are backgrounds, and
the green shaded histograms are backgrounds estimated from
J=ψ mass sideband events.

PHYSICAL REVIEW LETTERS 129, 102003 (2022)

102003-5

e+e− → π+π−ψ2(3823) → π+π−(γχc1)
PRL 129, 102003 (2022)

e+e− → π0π0ψ2(3823) → π0π0(γχc1)
JHEP 02, 171 (2023)

  The  is produced at high   
(and also with a non-trivial cross section lineshape).
⟹ ψ2(3823) ECM

4

ψ2

ψ2ψ2

Y Physics



Use  data at  between 4 and 5 GeV to study…

Y Physics  = unexpected features (states?) in exclusive  cross sections ( )
New Results ( 2022):  

 [PRD 106, 072001 (2022)];  [CPC 46, 111002 (2022)];  [PRD 107, 092005 (2023)];
 and  [JHEP 05, 155 (2022)];  [PRL 130, 121901 (2023)];  [PRD 106, 052012 (2022)];
 [arXiv:2305.10789];   [PRL 129, 102003 (2022)];  [JHEP 02, 171 (2023)];   [JHEP 01, 132 (2023)]

Questions:  
How many and where are the poles (resonances) in the scattering matrix?

Future/Ongoing Work:  
Perform a global K-matrix fit to many channels.

X(3872) Physics  = well-known candidate for a  molecular state
New Results ( 2022):  

 [PRL 130, 151904 (2023)];   [PRD 107, 032007 (2023)];   [PRD 105, 072009 (2022)]

Questions:  
What is the ?  Can we use it to further study the properties of hadronic molecules?

Future/Ongoing Work:  
Study the line shape in  and look for new decays and production mechanisms.

 Physics and  Physics  = peaks with  seen near , , and  thresholds 
New Results ( 2022):  

 [PRL 129, 112003 (2022)];   [CPC 47, 033001 (2023)]

Questions:  
Are the  and  peaks evidence for further hadronic molecules or kinematic thresholds or something else?

Future/Ongoing Work:  
Study the line shapes in more detail with input from theory.
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Figure 6. (a) Fit to the cross section of e+e− → φχc2 with a single BW (solid line), the Y (4660)
resonance hypothesis (dashed line), the coherent sum of Y (4660) and PHSP (dotted line), and the
PHSP corrected continuum amplitude as the non-resonance hypothesis (dash-dotted line). (b) Fit
to the cross section of e+e− → φχc2 with the coherent sum of a BW and continuum amplitude. The
solid line is the fit result, the dashed and dotted lines correspond to the BW with constructive (S1)
and destructive (S2) solutions of interference, and the dash-dotted line is the continuum term.

Parameter |BW|2 |BW+Aconteiφ|2 (S1) |BW+Aconteiφ|2 (S2) |Acont
√

Φ|2

M( MeV/c2) 4672.75± 10.80 4701.77± 10.89 —
Γtot( MeV) 93.15± 19.78 30.50± 22.33 —
BΓe+e−( eV) 0.74± 0.13 0.13± 0.13 0.66± 0.41 —

fcont — 1.48± 0.72 40.61± 4.57
n — 33.95± 22.24 54.28± 8.87
φ(◦) — 240.20± 40.53 109.77± 13.57 —

χ2/d.o.f 15.9/10 7.3/7 26.9/11
Significance 3.1σ 3.6σ —

Table 4. The numerical results for the fits to the cross section of e+e− → φχc2 with the single
BW model (2nd column), the coherent sum of a BW and continuum model (3rd and 4th columns
correspond to the constructive (S1) and destructive (S2) solutions of the interference), and PHSP
corrected continuum model (5th column). The errors are statistical.

The significance for the coherent sum of a BW and continuum model (BW+Aconteiφ)
over the single BW model is estimated to be 2.3σ. Thus, we are not able to distinguish
these two models based on the current data.

Since no obvious structures are observed in the φχc1 mode, the upper limit of
Γe+e−B(Y → φχc1) is also determined for the possible structures observed in the φχc2
mode. A similar method by scanning the Γe+e−B(Y → φχc1) dependent likelihood distribu-
tion is used, and the results at 90% C.L. are listed in table 5.
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J
H
E
P
0
1
(
2
0
2
3
)
1
3
2

√
s (GeV) Lint(pb−1) ε3K+K− ε4K+K− εK0

SK
0
L

1+δ
|1−Π|2 Nfit σB (pb)

4.600 586.9 0.253 0.031 0.226 0.73 26.7+14.6
−11.0 2.73+1.49

−1.13±0.27 (3.6σ)

4.612 103.8 0.257 0.047 0.215 0.75 9.8+8.9
−5.6 (< 26.6) 5.50+5.02

−3.14±0.61 (< 15.0)

4.628 521.5 0.261 0.070 0.222 0.76 15.1+11.0
−7.8 (< 34.0) 1.67+1.22

−0.86±0.17 (< 3.8)

4.641 552.4 0.263 0.086 0.225 0.77 24.4+13.9
−10.9 2.52+1.44

−1.12±0.27 (3.6σ)

4.661 529.6 0.259 0.112 0.230 0.80 45.5+15.6
−12.7 4.71+1.61

−1.32±0.42 (6.4σ)

4.682 1669.3 0.255 0.137 0.234 0.84 136.3+26.9
−24.2 4.26+0.84

−0.76±0.42 (9.5σ)

4.699 536.5 0.245 0.152 0.232 0.88 81.9+20.0
−17.3 7.61+1.86

−1.61±1.02 (8.2σ)

4.740 164.3 0.219 0.181 0.226 1.01 0.0+1.3
−0.0 (< 9.9) 0.0+1.36

−0.0 ±0.26 (< 2.6)

4.750 367.2 0.208 0.184 0.221 1.04 6.5+8.9
−5.3 (< 23.5) 0.75+1.02

−0.61±0.13 (< 2.7)

4.781 512.8 0.179 0.194 0.209 1.12 17.2+10.1
−7.2 (< 34.5) 1.31+0.77

−0.55±0.13 (< 2.6)

4.843 527.3 0.145 0.196 0.180 1.28 0.0+1.3
−0.0 (< 11.2) 0.0+0.40

−0.0 ±0.03 (< 0.7)

4.918 208.1 0.113 0.189 0.160 1.44 5.0+7.6
−3.9 (< 21.1) 0.73+1.11

−0.57±0.06 (< 3.1)

4.951 160.4 0.107 0.183 0.151 1.51 0.0+1.3
−0.0 (< 13.0) 0.0+1.31

−0.0 ±0.11 (< 2.4)

Table 2. The Born cross section σB for e+e− →φχc2 at each c.m. energy (√s). The numbers in
the brackets are the signal significances or upper limits σU.L. at the 90% C.L. in case the signal
significance is less than 3σ. The table also includes integrated luminosity Lint, detection efficiency
ε3K+K− , ε4K+K− and εK0

SK0
L
for the 3-track events of the φ→K+K− mode, 4-track events of the

φ→K+K− mode and the events of the φ→K0
SK

0
L mode, respectively, the product of radiative

correction factor and vacuum polarization factor 1+δ
|1−Π|2 and the number of fitted events Nfit (also

the corresponding upper limit NU.L. at the 90% C.L. in case the signal significance is less than 3σ).
The first uncertainty is statistical and the second is systematic.
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Figure 5. Fit to the cross section of e+e− → φχc1 with (a) the continuum amplitude and (b) the
PHSP corrected continuum amplitude.
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e+e− → ϕχc1,2
JHEP 01, 132 (2023)

  It’s now possible to measure cross sections for even heavier exclusive final states.⟹

Y Physics



Use  data at  between 4 and 5 GeV to study…

Y Physics  = unexpected features (states?) in exclusive  cross sections ( )
New Results ( 2022):  

 [PRD 106, 072001 (2022)];  [CPC 46, 111002 (2022)];  [PRD 107, 092005 (2023)];
 and  [JHEP 05, 155 (2022)];  [PRL 130, 121901 (2023)];  [PRD 106, 052012 (2022)];
 [arXiv:2305.10789];   [PRL 129, 102003 (2022)];  [JHEP 02, 171 (2023)];   [JHEP 01, 132 (2023)]

Questions:  
How many and where are the poles (resonances) in the scattering matrix?

Future/Ongoing Work:  
Perform a global K-matrix fit to many channels.

X(3872) Physics  = well-known candidate for a  molecular state
New Results ( 2022):  

 [PRL 130, 151904 (2023)];   [PRD 107, 032007 (2023)];   [PRD 105, 072009 (2022)]

Questions:  
What is the ?  Can we use it to further study the properties of hadronic molecules?

Future/Ongoing Work:  
Study the line shape in  and look for new decays and production mechanisms.

 Physics and  Physics  = peaks with  seen near , , and  thresholds 
New Results ( 2022):  

 [PRL 129, 112003 (2022)];   [CPC 47, 033001 (2023)]

Questions:  
Are the  and  peaks evidence for further hadronic molecules or kinematic thresholds or something else?

Future/Ongoing Work:  
Study the line shapes in more detail with input from theory.
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Use  data at  between 4 and 5 GeV to study…

Y Physics  = unexpected features (states?) in exclusive  cross sections ( )
New Results ( 2022):  

 [PRD 106, 072001 (2022)];  [CPC 46, 111002 (2022)];  [PRD 107, 092005 (2023)];
 and  [JHEP 05, 155 (2022)];  [PRL 130, 121901 (2023)];  [PRD 106, 052012 (2022)];
 [arXiv:2305.10789];   [PRL 129, 102003 (2022)];  [JHEP 02, 171 (2023)];   [JHEP 01, 132 (2023)]

Questions:  
How many and where are the poles (resonances) in the scattering matrix?

Future/Ongoing Work:  
Perform a global K-matrix fit to many channels.

X(3872) Physics  = well-known candidate for a  molecular state
New Results ( 2022):  

 [PRL 130, 151904 (2023)];   [PRD 107, 032007 (2023)];   [PRD 105, 072009 (2022)]

Questions:  
What is the ?  Can we use it to further study the properties of hadronic molecules?

Future/Ongoing Work:  
Study the line shape in  and look for new decays and production mechanisms.

 Physics and  Physics  = peaks with  seen near , , and  thresholds 
New Results ( 2022):  

 [PRL 129, 112003 (2022)];   [CPC 47, 033001 (2023)]

Questions:  
Are the  and  peaks evidence for further hadronic molecules or kinematic thresholds or something else?

Future/Ongoing Work:  
Study the line shapes in more detail with input from theory.

e+e− ECM

e+e− σ(EEM)
≥

π+π−J/ψ K+K−J/ψ KSKSJ/ψ
D*+D*− D*+D− D*0D*−π+ D+D−π+π−

D*+
s D*−

s π+π−ψ2(3823) π0π0ψ2(3823) ϕχcJ

D*D̄
≥

e+e− → ωX(3872) e+e− → X(3872) X(3872) → n(π)χc0

X(3872)

X(3872) → D*0D̄0

Zc Zcs I ≠ 0 DD* D*D* DsD*
≥

e+e− → KSZ0
cs → Ks(D+

s D*−) e+e− → K+Z′￼−
cs → K+(D*−

s D*0)

Zc Zcs

      Ryan Mitchell (Indiana University)   —   Overview of XYZ Physics at the BESIII Experiment 17

Overview of XYZ Physics at the BESIII Experiment

ηc(11S0)

J/ψ(13S1)

ψ′(23S1)

ψ′′(13D1)

hc(11P1)

χc0(13P0)

χc1(13P1)
χc2(13P2)

ηc′(21S0)

3.0

3.2

3.4

3.6

3.8
2MDM

AS
S 

  [
G

eV
/c

2 ]

0−+ 1−− 1+− 0++ 1++ 2++

JPC

ψ(33S1)

ψ(43S1)

ψ(23D1)

χc2(23P2)

4.4

4.2

4.0 ηc(31S0)

ηc(41S0)

hc(21P1)

χc0(23P0)

χc1(23P1)

χc2(33P2)
hc(31P1)

χc0(33P0)

χc1(33P1)Y(4260)

Y(4360)

X(3872)
Zc(3900)

predicted, discovered

predicted, undiscovered

unpredicted, discovered

Zc(4430)

Zc(4020)

X(3915)

JPC

1

2

3

4

5

6Y Physics

3700 3800 3900 4000 4100 4200 4300 4400 4500 4600 4700

]2Mass   [MeV/c

0

20

40

60

80

100

120

140

160

180

200

W
id

th
   

[M
eV

]

 StatesψPDG 2022 
(4415)ψ(4160), ψ(4040), ψ

ABLIKIM 08D (BESII) R
µµ K→AAIJ 13BC (LHCb) B 

(4230)ψ

(2S)ψππABLIKIM 21AJ (BESIII) 
-µ+µABLIKIM 20AG (BESIII) 
ψJ/0π0πABLIKIM 20N (BESIII) 

ψJ/ηABLIKIM 20O (BESIII) 

c0
χωABLIKIM 19AI (BESIII) 

DD*πABLIKIM 19R (BESIII) 
X(3872)γABLIKIM 19V (BESIII) 

ψJ/ππABLIKIM 17B (BESIII) 

chππABLIKIM 17G (BESIII) 
(4360)ψ

(2S)ψππABLIKIM 21AJ (BESIII) 

c2
χγABLIKIM 21AK (BESIII) 
ψJ/ηABLIKIM 20O (BESIII) 
ψJ/ππABLIKIM 17B (BESIII) 

chππABLIKIM 17G (BESIII) 
(2S)ψππWANG 15A (BELLE) 

(2S)ψππLEES 14F (BABAR) 
(4660)ψ

(2S)ψππABLIKIM 21AJ (BESIII) 

s2D*sJIA 20 (BELLE) D

s1DsJIA 19A (BELLE) D
(2S)ψππWANG 15A (BELLE) 

(2S)ψππLEES 14F (BABAR) 
cΛcΛPAKHLOVA 08B (BELLE) 

 StatesψPDG 2022 

2 3

5

6

4

 The PDG listings for the Y states are difficult to interpret.⟹



Use  data at  between 4 and 5 GeV to study…

Y Physics  = unexpected features (states?) in exclusive  cross sections ( )
New Results ( 2022):  

 [PRD 106, 072001 (2022)];  [CPC 46, 111002 (2022)];  [PRD 107, 092005 (2023)];
 and  [JHEP 05, 155 (2022)];  [PRL 130, 121901 (2023)];  [PRD 106, 052012 (2022)];
 [arXiv:2305.10789];   [PRL 129, 102003 (2022)];  [JHEP 02, 171 (2023)];   [JHEP 01, 132 (2023)]

Questions:  
How many and where are the poles (resonances) in the scattering matrix?

Future/Ongoing Work:  
Perform a global K-matrix fit to many channels.

X(3872) Physics  = well-known candidate for a  molecular state
New Results ( 2022):  

 [PRL 130, 151904 (2023)];   [PRD 107, 032007 (2023)];   [PRD 105, 072009 (2022)]

Questions:  
What is the ?  Can we use it to further study the properties of hadronic molecules?

Future/Ongoing Work:  
Study the line shape in  and look for new decays and production mechanisms.

 Physics and  Physics  = peaks with  seen near , , and  thresholds 
New Results ( 2022):  

 [PRL 129, 112003 (2022)];   [CPC 47, 033001 (2023)]

Questions:  
Are the  and  peaks evidence for further hadronic molecules or kinematic thresholds or something else?

Future/Ongoing Work:  
Study the line shapes in more detail with input from theory.
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K-matrix Analysis of e+e� Annihilation in the Bottomonium Region

N. Hüsken,1, 2 R.E. Mitchell,1 and E.S. Swanson3
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We perform the first global and unitary analysis of e+e� ! bb̄ cross sections. We analyze exclusive
cross sections in the BB̄, B⇤B̄(+c.c.), B⇤B̄⇤, B⇤

s B̄
⇤
s , ⌥(nS)⇡+⇡� and hb(nP )⇡+⇡� channels as well

as the total inclusive cross section for bb̄ production. Pole positions and residues are determined for
four vector states, which we associate with the ⌥(4S), ⌥(10750), ⌥(5S) (or ⌥(10860)), and ⌥(6S)
(or ⌥(11020)). We find strong evidence for the new ⌥(10750) recently claimed by Belle, although
with parameters not well constrained by the data. Results presented here cast doubt on the validity
of branching ratios reported earlier using Breit-Wigner parameterizations or ratios of cross sections.
We also compare our results with a selection of theoretical calculations for the vector bottomonium
spectrum.

I. INTRODUCTION

The spectrum of vector (JPC = 1��) bottomonium
states above BB̄ threshold has been the source of a se-
ries of surprises and unresolved issues. The initial ex-
ploration of this region using inclusive e+e� annihila-
tion to hadrons [1, 2] showed evidence for the production
of two states with masses heavier than the ⌥(4S), con-
sistent with potential model expectations for the ⌥(5S)
and ⌥(6S). More recent measurements of the same pro-
cess [3–5] have revealed more complex structure. While
the putative ⌥(5S) and ⌥(6S) states (also called the
⌥(10860) and ⌥(11020), respectively) still appear as
prominent peaks in the inclusive cross section, the ef-
fects due to coupled-channel scattering and the opening
of a variety of open bottom thresholds (e.g., B⇤B̄, B⇤B̄⇤,
BsB̄s, B⇤

s
B̄s, B⇤

s
B̄⇤

s
) are now more apparent and compli-

cate the observed spectrum. Extracting vector bottomo-
nium masses, total widths, and partial e+e� widths from
these spectra has posed serious challenges. While fits
to the inclusive e+e� spectrum using a coherent sum of
Breit-Wigner amplitudes are possible [5], the fits violate
unitarity and the results are expected to be unreliable.

Recent measurements of the energy dependence of ex-
clusive e+e� ! B(⇤)B̄(⇤) cross sections [6] confirm the
importance of coupled-channel scattering. Rather than
showing distinct peaks for the ⌥(5S) and ⌥(6S), the
cross sections are marked by dramatic peaks and valleys
at various open-bottom thresholds. These non-trivial fea-
tures in the open-bottom cross sections undermine older
measurements of the ⌥(5S) and ⌥(6S) branching frac-
tions, such as those currently listed in the Particle Data
Group’s Review of Particle Properties (RPP) [7]. Pre-
vious branching fractions of the ⌥(5S) to open-bottom
final states, for example, were estimated by first mea-
suring the cross section of e+e� to a given open-bottom
final state at an energy near the presumed mass of the
⌥(5S) and then dividing by the inclusive bb̄ cross section
at the same energy [8–10]. This ratio of cross sections
would approximate an ⌥(5S) branching fraction only if
the ⌥(5S) were produced in isolation, an assumption we

now know to be false.

Besides strong coupled-channel e↵ects in the open-
bottom final states, anomalously large cross sections
for e+e� to closed-bottom channels, such as ⇡⇡⌥(nS)
(n = 1, 2, 3) and ⇡⇡hb(nP ) (n = 1, 2), have been
observed [11–15]. Their production rates were later
found to be enhanced by the presence of the exotic
isovector bottomonium-like states, the Zb(10610) and
Zb(10650) (also called the Zb and Z 0

b
), which decay to

⇡⌥(nS) and ⇡hb(nP ) [16, 17]. In contrast to the com-
plications in the open-bottom channels, the ⌥(5S) and
⌥(6S) appear to be well-isolated in the closed-bottom
channels, which allows for a more reliable extraction of
their mass and width [15]. These relatively well-behaved
cross sections also provide evidence for an additional
state, the ⌥(10750) [15], which may be the ⌥(3D) bot-
tomonium state.

With the recent publication of inclusive e+e� cross
sections [5] and exclusive e+e� cross sections to open-
bottom [6] and closed-bottom [15] final states, we are
now in a position to perform the first global and unitary
analysis of the vector bottomonium system above BB̄
threshold. We use the K-matrix formalism for this anal-
ysis. In the literature, the K-matrix is regularly used in
the spectroscopy of hadrons containing u, d and s quarks,
for example in studies of scalar mesons in Refs. [18–20].
A first application of a K-matrix in the analysis of heavy
quarkonia was made by Uglov et al. [21], performing a
unitary coupled channel analysis of e+e� annihilation
to the DD̄, D⇤D̄ and DD̄⇡ channels for energies up to
4.7 GeV. Masses and partial decay widths for the charmo-
nium resonances  (3770),  (4040),  (4160) and  (4415)
were extracted. Comparing to Ref. [21], our study of the
bottomonium system includes three-body final states, al-
lows for non-resonant scattering, is further constrained
by the total inclusive cross section and allows for an an-
alytic continuation to the complex energy plane.

In the following, we describe our model (Sec. II), the
datasets used in the analysis (Sec. III), and the fit pro-
cedure (Sec. IV). In Sec. V, we present our results for
the pole positions of the ⌥(4S), ⌥(10750), ⌥(5S), and

ar
X

iv
:2

20
4.

11
91

5v
1 

 [h
ep

-p
h]

  2
5 

A
pr

 2
02

2

6

10.8 11 11.2
0

20

40

60

80

10.8 11 11.20

50

100

150

10.8 11 11.2
0

5

10

10.8 11 11.2

0

5

10.8 11 11.20

100

200

10.8 11 11.2
0

50

100

150

10.8 11 11.2
0

1

2

3

10.58 10.6 10.620

500

1000

1500

2000

10.8 11 11.20

50

100

150

200

10.8 11 11.2
0

1

2

3

4

10.8 11 11.2

0

2

4

10.8 11 11.20

200

400

 (GeV)s

 (p
b)

σ

(a) BB̄ (b) B⇤B̄ (c) B⇤B̄⇤

(d) “BsB̄s” (e) B⇤
s B̄

⇤
s (f) ⌥(1S)⇡⇡

(g) ⌥(2S)⇡⇡ (h) ⌥(3S)⇡⇡ (i) hb(1P )⇡⇡

(j) hb(2P )⇡⇡ (k) �bb̄ (l) �bb̄

FIG. 1. Fit result for the quasi two-body model with � = 1.0 GeV. Black points are data, the red line is the fit result, and
the red and green shaded areas are the central 68% and 90% CL regions. The order of the channels is: (a) BB̄, (b) B⇤B̄, (c)
B⇤B̄⇤, (d) the dummy channel (“BsB̄s”), (e) B

⇤
s B̄

⇤
s , (f) ⌥(1S)⇡⇡, (g) ⌥(2S)⇡⇡, (h) ⌥(3S)⇡⇡, (i) hb(1P )⇡⇡, (j) hb(2P )⇡⇡, (k)

�bb̄ in the ⌥(4S) region, and (l) �bb̄ above the ⌥(4S) region. The gray dashed lines in (k) and (l) indicate thresholds for B⇤B̄,
B⇤B̄⇤, BsB̄s and B⇤

s B̄
⇤
s , respectively.

Turning attention to the ⌥(4S), we see that most pole
positions cluster near the nominal RPP value, although
10-20 MeV higher in mass. There is, however, a region of
the � = 1.0 GeV, three-body non-resonant model poles
that lies near =(

p
s) = �0.03 GeV. The number of data

points is su�ciently sparse (and the model is su�ciently
general) that perhaps a variety of nearly degenerate min-
ima of the objective function exist. In this case, the sec-
ondary group of poles appear to be associated with BB̄
threshold. We note that the secondary group of poles
has substantial overlap with a group of ghost poles (in-
dicated in gray). These points tend to move towards the
BB̄ threshold upon rescaling the couplings – indicative
of their spurious nature, and hint that the three-body

non-resonant secondary group of bootstrap poles should
not be considered as viable bottomonium resonance can-
didates.
For the ⌥(10750), the main accumulation of poles

seems to agree with the RPP value. However, other so-
lutions cannot be ruled out. The high model dependence
found in these fits, yielding poles with a large range of
masses and widths, reflects the lack of data in the energy
region around 10.7 GeV. Some models contained ghost
poles in this region that move towards the thresholds of
either the dummy or the B⇤

s
B⇤

s
channel as the couplings

are decreased. New data from an upcoming Belle II mea-
surement in this energy region will be key in determining
the properties of the ⌥(10750) with higher precision.

  The infrastructure required to analyze many-channel systems is being developed.⟹

Y Physics



Use  data at  between 4 and 5 GeV to study…

Y Physics  = unexpected features (states?) in exclusive  cross sections ( )
New Results ( 2022):  

 [PRD 106, 072001 (2022)];  [CPC 46, 111002 (2022)];  [PRD 107, 092005 (2023)];
 and  [JHEP 05, 155 (2022)];  [PRL 130, 121901 (2023)];  [PRD 106, 052012 (2022)];
 [arXiv:2305.10789];   [PRL 129, 102003 (2022)];  [JHEP 02, 171 (2023)];   [JHEP 01, 132 (2023)]

Questions:  
How many and where are the poles (resonances) in the scattering matrix?

Future/Ongoing Work:  
Perform a global K-matrix fit to many channels.

X(3872) Physics  = well-known candidate for a  molecular state
New Results ( 2022):  

 [PRL 130, 151904 (2023)];   [PRD 107, 032007 (2023)];   [PRD 105, 072009 (2022)]

Questions:  
What is the ?  Can we use it to further study the properties of hadronic molecules?

Future/Ongoing Work:  
Study the line shape in  and look for new decays and production mechanisms.

 Physics and  Physics  = peaks with  seen near , , and  thresholds 
New Results ( 2022):  

 [PRL 129, 112003 (2022)];   [CPC 47, 033001 (2023)]

Questions:  
Are the  and  peaks evidence for further hadronic molecules or kinematic thresholds or something else?

Future/Ongoing Work:  
Study the line shapes in more detail with input from theory.

e+e− ECM

e+e− σ(EEM)
≥

π+π−J/ψ K+K−J/ψ KSKSJ/ψ
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≥
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X(3872) → D*0D̄0

Zc Zcs I ≠ 0 DD* D*D* DsD*
≥

e+e− → KSZ0
cs → Ks(D+

s D*−) e+e− → K+Z′￼−
cs → K+(D*−

s D*0)

Zc Zcs
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We perform the first global and unitary analysis of e+e� ! bb̄ cross sections. We analyze exclusive
cross sections in the BB̄, B⇤B̄(+c.c.), B⇤B̄⇤, B⇤

s B̄
⇤
s , ⌥(nS)⇡+⇡� and hb(nP )⇡+⇡� channels as well

as the total inclusive cross section for bb̄ production. Pole positions and residues are determined for
four vector states, which we associate with the ⌥(4S), ⌥(10750), ⌥(5S) (or ⌥(10860)), and ⌥(6S)
(or ⌥(11020)). We find strong evidence for the new ⌥(10750) recently claimed by Belle, although
with parameters not well constrained by the data. Results presented here cast doubt on the validity
of branching ratios reported earlier using Breit-Wigner parameterizations or ratios of cross sections.
We also compare our results with a selection of theoretical calculations for the vector bottomonium
spectrum.

I. INTRODUCTION

The spectrum of vector (JPC = 1��) bottomonium
states above BB̄ threshold has been the source of a se-
ries of surprises and unresolved issues. The initial ex-
ploration of this region using inclusive e+e� annihila-
tion to hadrons [1, 2] showed evidence for the production
of two states with masses heavier than the ⌥(4S), con-
sistent with potential model expectations for the ⌥(5S)
and ⌥(6S). More recent measurements of the same pro-
cess [3–5] have revealed more complex structure. While
the putative ⌥(5S) and ⌥(6S) states (also called the
⌥(10860) and ⌥(11020), respectively) still appear as
prominent peaks in the inclusive cross section, the ef-
fects due to coupled-channel scattering and the opening
of a variety of open bottom thresholds (e.g., B⇤B̄, B⇤B̄⇤,
BsB̄s, B⇤

s
B̄s, B⇤

s
B̄⇤

s
) are now more apparent and compli-

cate the observed spectrum. Extracting vector bottomo-
nium masses, total widths, and partial e+e� widths from
these spectra has posed serious challenges. While fits
to the inclusive e+e� spectrum using a coherent sum of
Breit-Wigner amplitudes are possible [5], the fits violate
unitarity and the results are expected to be unreliable.

Recent measurements of the energy dependence of ex-
clusive e+e� ! B(⇤)B̄(⇤) cross sections [6] confirm the
importance of coupled-channel scattering. Rather than
showing distinct peaks for the ⌥(5S) and ⌥(6S), the
cross sections are marked by dramatic peaks and valleys
at various open-bottom thresholds. These non-trivial fea-
tures in the open-bottom cross sections undermine older
measurements of the ⌥(5S) and ⌥(6S) branching frac-
tions, such as those currently listed in the Particle Data
Group’s Review of Particle Properties (RPP) [7]. Pre-
vious branching fractions of the ⌥(5S) to open-bottom
final states, for example, were estimated by first mea-
suring the cross section of e+e� to a given open-bottom
final state at an energy near the presumed mass of the
⌥(5S) and then dividing by the inclusive bb̄ cross section
at the same energy [8–10]. This ratio of cross sections
would approximate an ⌥(5S) branching fraction only if
the ⌥(5S) were produced in isolation, an assumption we

now know to be false.

Besides strong coupled-channel e↵ects in the open-
bottom final states, anomalously large cross sections
for e+e� to closed-bottom channels, such as ⇡⇡⌥(nS)
(n = 1, 2, 3) and ⇡⇡hb(nP ) (n = 1, 2), have been
observed [11–15]. Their production rates were later
found to be enhanced by the presence of the exotic
isovector bottomonium-like states, the Zb(10610) and
Zb(10650) (also called the Zb and Z 0

b
), which decay to

⇡⌥(nS) and ⇡hb(nP ) [16, 17]. In contrast to the com-
plications in the open-bottom channels, the ⌥(5S) and
⌥(6S) appear to be well-isolated in the closed-bottom
channels, which allows for a more reliable extraction of
their mass and width [15]. These relatively well-behaved
cross sections also provide evidence for an additional
state, the ⌥(10750) [15], which may be the ⌥(3D) bot-
tomonium state.

With the recent publication of inclusive e+e� cross
sections [5] and exclusive e+e� cross sections to open-
bottom [6] and closed-bottom [15] final states, we are
now in a position to perform the first global and unitary
analysis of the vector bottomonium system above BB̄
threshold. We use the K-matrix formalism for this anal-
ysis. In the literature, the K-matrix is regularly used in
the spectroscopy of hadrons containing u, d and s quarks,
for example in studies of scalar mesons in Refs. [18–20].
A first application of a K-matrix in the analysis of heavy
quarkonia was made by Uglov et al. [21], performing a
unitary coupled channel analysis of e+e� annihilation
to the DD̄, D⇤D̄ and DD̄⇡ channels for energies up to
4.7 GeV. Masses and partial decay widths for the charmo-
nium resonances  (3770),  (4040),  (4160) and  (4415)
were extracted. Comparing to Ref. [21], our study of the
bottomonium system includes three-body final states, al-
lows for non-resonant scattering, is further constrained
by the total inclusive cross section and allows for an an-
alytic continuation to the complex energy plane.

In the following, we describe our model (Sec. II), the
datasets used in the analysis (Sec. III), and the fit pro-
cedure (Sec. IV). In Sec. V, we present our results for
the pole positions of the ⌥(4S), ⌥(10750), ⌥(5S), and
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  The infrastructure required to analyze many-channel systems is being developed.⟹

values ranging from 0.004 to 0.10 keV. These values are
somewhat smaller than those for the ϒð4SÞ, an issue to
which we return in Sec. VI C. Figures 6 and 7 show that the
situation is somewhat cleaner in the cases of the ϒð5SÞ and
ϒð6SÞ, with all extracted partial widths for both in a range
between roughly 0.04 and 0.07 keV.
Our extracted values for both the ϒð5SÞ and ϒð6SÞ

electronic widths are substantially smaller than the values
reported in the RPP, which are 0.31# 0.07 and
0.13# 0.03 keV, respectively. The original measurements
of the inclusive eþe− cross sections and their subsequent
parametrization [1,2], which are the basis for the RPP
values, were based on very little data and unconstrained
models. In Ref. [1], for example, the inclusive eþe− cross
section was modeled using a sum of Gaussian distributions,
with a single Gaussian distribution covering the entire
ϒð5SÞ region. Our model is more fine grained and better
constrained by the addition of more experimental data.
These circumstances, and the proximity of the recently
discovered ϒð10750Þ, drive the large deviations from the
RPP values. The implications of this deviation will be
explored in Sec. VI C.
Branching ratios for hadronic two- and three-body

channels are also displayed in Figs. 4–7 and are summa-
rized and compared to expectations in Tables VI–IX. Once
again, the model variants permit moderately large variation

0 0.2 0.4 0.6 0.8 1
  (keV)-e+e

0 0.2 0.4 0.6 0.8 1

Br

0 0.0002 0.0004 0.0006 0.0008 0.001

FIG. 4. Branching fractions and electronic width of the ϒð4SÞ.
Red markers correspond to the quasi-two-body models, yellow
markers to the three-body models with resonant couplings, and
blue markers to the three-body models with nonresonant cou-
plings. Markers in the same color follow the order β ¼ 1.0
(circles), β ¼ 1.2 (squares), β ¼ 0.8 (triangles). Black stars
correspond to the RPP estimate.
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FIG. 5. Branching fractions and electronic width of the
ϒð10750Þ; color code is the same as in Fig. 4.
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FIG. 3. Bootstrap pole positions for five different models
indicated by different colors and markers. Gray points with
the same marker indicate ghost poles with sizable residues in that
model. The black stars represent the RPP estimate using a Breit-
Wigner parametrization.
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Use  data at  between 4 and 5 GeV to study…

Y Physics  = unexpected features (states?) in exclusive  cross sections ( )
New Results ( 2022):  

 [PRD 106, 072001 (2022)];  [CPC 46, 111002 (2022)];  [PRD 107, 092005 (2023)];
 and  [JHEP 05, 155 (2022)];  [PRL 130, 121901 (2023)];  [PRD 106, 052012 (2022)];
 [arXiv:2305.10789];   [PRL 129, 102003 (2022)];  [JHEP 02, 171 (2023)];   [JHEP 01, 132 (2023)]

Questions:  
How many and where are the poles (resonances) in the scattering matrix?

Future/Ongoing Work:  
Perform a global K-matrix fit to many channels.

X(3872) Physics  = well-known candidate for a  molecular state
New Results ( 2022):  

 [PRL 130, 151904 (2023)];   [PRD 107, 032007 (2023)];   [PRD 105, 072009 (2022)]

Questions:  
What is the ?  Can we use it to further study the properties of hadronic molecules?

Future/Ongoing Work:  
Study the line shape in  and look for new decays and production mechanisms.

 Physics and  Physics  = peaks with  seen near , , and  thresholds 
New Results ( 2022):  

 [PRL 129, 112003 (2022)];   [CPC 47, 033001 (2023)]

Questions:  
Are the  and  peaks evidence for further hadronic molecules or kinematic thresholds or something else?

Future/Ongoing Work:  
Study the line shapes in more detail with input from theory.

e+e− ECM

e+e− σ(EEM)
≥

π+π−J/ψ K+K−J/ψ KSKSJ/ψ
D*+D*− D*+D− D*0D*−π+ D+D−π+π−

D*+
s D*−

s π+π−ψ2(3823) π0π0ψ2(3823) ϕχcJ

D*D̄
≥

e+e− → ωX(3872) e+e− → X(3872) X(3872) → n(π)χc0

X(3872)

X(3872) → D*0D̄0

Zc Zcs I ≠ 0 DD* D*D* DsD*
≥

e+e− → KSZ0
cs → Ks(D+

s D*−) e+e− → K+Z′￼−
cs → K+(D*−

s D*0)

Zc Zcs
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X(3872) Physics



Use  data at  between 4 and 5 GeV to study…

Y Physics  = unexpected features (states?) in exclusive  cross sections ( )
New Results ( 2022):  

 [PRD 106, 072001 (2022)];  [CPC 46, 111002 (2022)];  [PRD 107, 092005 (2023)];
 and  [JHEP 05, 155 (2022)];  [PRL 130, 121901 (2023)];  [PRD 106, 052012 (2022)];
 [arXiv:2305.10789];   [PRL 129, 102003 (2022)];  [JHEP 02, 171 (2023)];   [JHEP 01, 132 (2023)]

Questions:  
How many and where are the poles (resonances) in the scattering matrix?

Future/Ongoing Work:  
Perform a global K-matrix fit to many channels.

X(3872) Physics  = well-known candidate for a  molecular state
New Results ( 2022):  

 [PRL 130, 151904 (2023)];   [PRD 107, 032007 (2023)];   [PRD 105, 072009 (2022)]

Questions:  
What is the ?  Can we use it to further study the properties of hadronic molecules?

Future/Ongoing Work:  
Study the line shape in  and look for new decays and production mechanisms.

 Physics and  Physics  = peaks with  seen near , , and  thresholds 
New Results ( 2022):  

 [PRL 129, 112003 (2022)];   [CPC 47, 033001 (2023)]

Questions:  
Are the  and  peaks evidence for further hadronic molecules or kinematic thresholds or something else?

Future/Ongoing Work:  
Study the line shapes in more detail with input from theory.
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D*+
s D*−

s π+π−ψ2(3823) π0π0ψ2(3823) ϕχcJ

D*D̄
≥

e+e− → ωX(3872) e+e− → X(3872) X(3872) → n(π)χc0
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X(3872) → D*0D̄0

Zc Zcs I ≠ 0 DD* D*D* DsD*
≥

e+e− → KSZ0
cs → Ks(D+

s D*−) e+e− → K+Z′￼−
cs → K+(D*−

s D*0)

Zc Zcs
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FIG. 1. Distribution of ⇡+⇡�J/ mass, M(⇡+⇡�J/ ),
from the normalization process e+e� ! �⇡+⇡�J/ for
(a) 4.15 < ECM < 4.30 GeV and (b) 4.00 < ECM < 4.15
or 4.30 < ECM < 4.60 GeV. Points are data; lines are fits
(solid is the total and dotted is the polynomial background);
the darker histogram is a MC estimate of peaking J/ back-
grounds; the lighter stacked histogram is an estimate of non-
peaking backgrounds using J/ sidebands from data.

process is obtained by requiring the opening angle of the
final-state photon and any charged track (✓�tk) to satisfy
cos ✓�tk < 0.98. Background events from ⌘J/ and ⌘0J/ 
are removed by requiring M(�⇡+⇡�) > 0.6 GeV/c2 and
|M(�⇡+⇡�) � M0(⌘0)| > 0.02 GeV/c2 (M0(⌘0) is the
nominal mass of the ⌘0 [3]), respectively.

For the search channel, the background mode ⇡0⇡0J/ 
is suppressed both by requiringM(�1�2) to be 20 MeV/c2

away from the ⇡0 mass and by placing the same re-
quirement on the mass of �1 or �2 combined with the
higher energy photon from the ⇡0 decay. Background
events from !(782) decays to �⇡0, including those from
e+e� ! !�cJ and �X(3872) ! �!J/ , are removed
by requiring M(�1,2⇡0) < 0.732 GeV/c2. Finally, back-
ground events from �ISR (3686) are reduced by requiring
the mass recoiling against �1 or �2 both to be larger than
3.7 GeV/c2.

The final distributions for the reconstructed ⇡+⇡�J/ 
mass in the normalization channel are shown in Fig. 1.
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FIG. 2. Distribution of ⇡0�cJ mass, M(⇡0�cJ), from the
process e+e� ! �⇡0�cJ for (a) 4.15 < ECM < 4.30 GeV and
(b) 4.00 < ECM < 4.15 or 4.30 < ECM < 4.60 GeV. The
�cJ are selected using a broad region of �J/ mass. Points,
lines, and histograms follow the same convention as Fig. 1.
The dashed line is the total background contribution to the
fit, including signal events with �1 and �2 interchanged.

In order to improve the mass resolution, M(⇡+⇡�J/ )
is calculated using M(⇡+⇡�l+l�)�M(l+l�)+M0(J/ ),
where M0(J/ ) is the nominal mass of the J/ .
The mass resolution is improved from 7.4 MeV/c2 to
4.7 MeV/c2. Figure 1a corresponds to data taken at
4.15 < ECM < 4.30 GeV and shows a clear X(3872)
signal. The data are fitted by a first-order polynomial
representing the background and a response function of
the signal process that has been obtained from the signal
MC simulation. All fits are performed using a binned
likelihood method; all significances are obtained by com-
paring the resulting likelihoods with and without the sig-
nal component included. Results are listed in Table I.
Figure 1b shows the same for the other ECM samples.
No X(3872) signal is seen. This pattern is consistent
with the previous measurement [12].

The corresponding distributions of M(⇡0�cJ) for the
search channel are shown in Fig. 2. The �cJ region is
first chosen with a loose requirement on M(�1,2J/ ) ⌘
M(�1,2l+l�) � M(l+l�) + M0(J/ ) between 3.35 and

  The  is produced in a clean 
environment at BESIII.
⟹ X(3872)

X(3872) Physics



Use  data at  between 4 and 5 GeV to study…

Y Physics  = unexpected features (states?) in exclusive  cross sections ( )
New Results ( 2022):  

 [PRD 106, 072001 (2022)];  [CPC 46, 111002 (2022)];  [PRD 107, 092005 (2023)];
 and  [JHEP 05, 155 (2022)];  [PRL 130, 121901 (2023)];  [PRD 106, 052012 (2022)];
 [arXiv:2305.10789];   [PRL 129, 102003 (2022)];  [JHEP 02, 171 (2023)];   [JHEP 01, 132 (2023)]

Questions:  
How many and where are the poles (resonances) in the scattering matrix?

Future/Ongoing Work:  
Perform a global K-matrix fit to many channels.

X(3872) Physics  = well-known candidate for a  molecular state
New Results ( 2022):  

 [PRL 130, 151904 (2023)];   [PRD 107, 032007 (2023)];   [PRD 105, 072009 (2022)]

Questions:  
What is the ?  Can we use it to further study the properties of hadronic molecules?

Future/Ongoing Work:  
Study the line shape in  and look for new decays and production mechanisms.

 Physics and  Physics  = peaks with  seen near , , and  thresholds 
New Results ( 2022):  

 [PRL 129, 112003 (2022)];   [CPC 47, 033001 (2023)]

Questions:  
Are the  and  peaks evidence for further hadronic molecules or kinematic thresholds or something else?

Future/Ongoing Work:  
Study the line shapes in more detail with input from theory.
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FIG. 3. Distribution of M(�1,2J/ ) after selecting the
X(3872) signal region from Fig. 2a. Points and shaded his-
tograms follow the same convention as Fig. 1. The solid line is
the signal MC and is scaled using subsequent fits; the dashed
line is the component of the signal MC where �1 and �2 are
interchanged. Vertical lines show the �cJ selection regions.

3.60 GeV/c2. A clear signal for the X(3872) is observed
for 4.15 < ECM < 4.30 GeV (Fig. 2a); no evidence for
the X(3872) is seen at other ECM (Fig. 2b). The distri-
butions are fit with a first-order polynomial background
function and a signal shape derived from the signal MC
simulation, where the relative fractions of ⇡0�cJ with
J = 0, 1, 2 are fixed by subsequent fits. There are two
entries per event corresponding to the two combinations
of �1 and �2; the signal MC includes a broad contribu-
tion from events with interchanged �1 and �2. Using
the background samples described earlier (B1 and B2),
we find no other peaking background events. The fit in
Fig. 2a yields 16.9+5.2

�4.5 X(3872) events with a statistical
significance of 4.8�.

We next use the M(�1,2J/ ) distribution to select the
�c0, �c1, and �c2 mass regions (Fig. 3). The photons �1
and �2 are separated by choosing �2 to be the photon
that minimizes �MJ ⌘ |M(�2J/ ) � M0(�cJ)|, where
M0(�cJ) is the nominal mass of each �cJ [3]. We re-
quire �M0 < 25 MeV/c2 and �M1,2 < 20 MeV/c2. The
resulting distributions for M(⇡0�cJ) with J = 0, 1, 2 are
shown in Fig. 4. Each M(⇡0�cJ) distribution is fit with a
constant background function and a signal shape derived
from signal MC simulation. The signal MC samples in-
clude events with interchanged �1 and �2 as well as cross-
feed among the ⇡0�cJ channels. These e↵ects result in
an additional peak below the X(3872) signal region in
the M(⇡0�c0) distribution, but are negligible elsewhere.
In the M(⇡0�c1) distribution, we find a X(3872) signal
with a 5.2� significance. No significant X(3872) signals
are found in the M(⇡0�c0,2) distributions. Numbers for
events, e�ciencies, and significances are listed in Table I.
The total yield of signal events in all three channels is
15.1+4.8

�3.8, consistent with the fit in Fig. 2a.
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FIG. 4. Distributions of ⇡0�cJ mass, M(⇡0�cJ), from the
process e+e� ! �⇡0�cJ for (a) J = 0, (b) J = 1, and (c) J =
2. Points, lines, and histograms follow the same convention
as Fig. 1. The dashed line is the total background in the fit
and includes contributions from events with interchanged �1
and �2 and cross-feed among the search channels.

Also shown in Table I are the final ratios B(X(3872) !
⇡0�cJ)/B(X(3872) ! ⇡+⇡�J/ ). These are calculated
from the ratios of yields of signal events, the ratios of
e�ciencies (including minor e↵ects due to ISR), and the
nominal �cJ and ⇡0 branching fractions [3]. Upper lim-
its (at the 90% C.L.) are calculated from the likelihood
curve of the fits as a function of signal yield after be-
ing convolved with a Gaussian distribution with a width
the size of the systematic uncertainty. The J/ branch-
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X(3872) signal region from Fig. 2a. Points and shaded his-
tograms follow the same convention as Fig. 1. The solid line is
the signal MC and is scaled using subsequent fits; the dashed
line is the component of the signal MC where �1 and �2 are
interchanged. Vertical lines show the �cJ selection regions.

3.60 GeV/c2. A clear signal for the X(3872) is observed
for 4.15 < ECM < 4.30 GeV (Fig. 2a); no evidence for
the X(3872) is seen at other ECM (Fig. 2b). The distri-
butions are fit with a first-order polynomial background
function and a signal shape derived from the signal MC
simulation, where the relative fractions of ⇡0�cJ with
J = 0, 1, 2 are fixed by subsequent fits. There are two
entries per event corresponding to the two combinations
of �1 and �2; the signal MC includes a broad contribu-
tion from events with interchanged �1 and �2. Using
the background samples described earlier (B1 and B2),
we find no other peaking background events. The fit in
Fig. 2a yields 16.9+5.2

�4.5 X(3872) events with a statistical
significance of 4.8�.

We next use the M(�1,2J/ ) distribution to select the
�c0, �c1, and �c2 mass regions (Fig. 3). The photons �1
and �2 are separated by choosing �2 to be the photon
that minimizes �MJ ⌘ |M(�2J/ ) � M0(�cJ)|, where
M0(�cJ) is the nominal mass of each �cJ [3]. We re-
quire �M0 < 25 MeV/c2 and �M1,2 < 20 MeV/c2. The
resulting distributions for M(⇡0�cJ) with J = 0, 1, 2 are
shown in Fig. 4. Each M(⇡0�cJ) distribution is fit with a
constant background function and a signal shape derived
from signal MC simulation. The signal MC samples in-
clude events with interchanged �1 and �2 as well as cross-
feed among the ⇡0�cJ channels. These e↵ects result in
an additional peak below the X(3872) signal region in
the M(⇡0�c0) distribution, but are negligible elsewhere.
In the M(⇡0�c1) distribution, we find a X(3872) signal
with a 5.2� significance. No significant X(3872) signals
are found in the M(⇡0�c0,2) distributions. Numbers for
events, e�ciencies, and significances are listed in Table I.
The total yield of signal events in all three channels is
15.1+4.8

�3.8, consistent with the fit in Fig. 2a.
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FIG. 4. Distributions of ⇡0�cJ mass, M(⇡0�cJ), from the
process e+e� ! �⇡0�cJ for (a) J = 0, (b) J = 1, and (c) J =
2. Points, lines, and histograms follow the same convention
as Fig. 1. The dashed line is the total background in the fit
and includes contributions from events with interchanged �1
and �2 and cross-feed among the search channels.

Also shown in Table I are the final ratios B(X(3872) !
⇡0�cJ)/B(X(3872) ! ⇡+⇡�J/ ). These are calculated
from the ratios of yields of signal events, the ratios of
e�ciencies (including minor e↵ects due to ISR), and the
nominal �cJ and ⇡0 branching fractions [3]. Upper lim-
its (at the 90% C.L.) are calculated from the likelihood
curve of the fits as a function of signal yield after be-
ing convolved with a Gaussian distribution with a width
the size of the systematic uncertainty. The J/ branch-

  BESIII can probe novel decay modes of the .⟹ X(3872)

5σ

X(3872) → π0χc1
PRL122, 202001 (2019)

B(X → π0χc1) ≈ B(X → ρJ/ψ) ≈ B(X → ωJ/ψ)

X(3872) Physics



Use  data at  between 4 and 5 GeV to study…

Y Physics  = unexpected features (states?) in exclusive  cross sections ( )
New Results ( 2022):  

 [PRD 106, 072001 (2022)];  [CPC 46, 111002 (2022)];  [PRD 107, 092005 (2023)];
 and  [JHEP 05, 155 (2022)];  [PRL 130, 121901 (2023)];  [PRD 106, 052012 (2022)];
 [arXiv:2305.10789];   [PRL 129, 102003 (2022)];  [JHEP 02, 171 (2023)];   [JHEP 01, 132 (2023)]

Questions:  
How many and where are the poles (resonances) in the scattering matrix?

Future/Ongoing Work:  
Perform a global K-matrix fit to many channels.

X(3872) Physics  = well-known candidate for a  molecular state
New Results ( 2022):  

 [PRL 130, 151904 (2023)];   [PRD 107, 032007 (2023)];   [PRD 105, 072009 (2022)]

Questions:  
What is the ?  Can we use it to further study the properties of hadronic molecules?

Future/Ongoing Work:  
Study the line shape in  and look for new decays and production mechanisms.

 Physics and  Physics  = peaks with  seen near , , and  thresholds 
New Results ( 2022):  

 [PRL 129, 112003 (2022)];   [CPC 47, 033001 (2023)]

Questions:  
Are the  and  peaks evidence for further hadronic molecules or kinematic thresholds or something else?

Future/Ongoing Work:  
Study the line shapes in more detail with input from theory.
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 and X(3872) → γJ/ψ γψ(2S)
PRL 124, 242001 (2020)

γH. The distribution of Mðγψ 0Þ as well as the fitting results
are shown in Fig. 1(b). The fit yields ð−1.1# 5.2Þ × 102

BF- and efficiency-corrected Xð3872Þ → γψ 0 events, cor-
responding to −0.9# 4.1 and −0.4# 1.6 ψ 0 → πþπ−J=ψ
and μþμ− events, respectively, and the goodness of the fit is
χ2=NDF ¼ 45.0=58ðp ¼ 0.89Þ. The UL of the number of
BF- and efficiency-corrected events is calculated to be
1.0 × 103 at the 90% C.L. This is obtained by integrating
the likelihood distribution of the fit as a function of signal
yield after it is convolved with a Gaussian distribution with
the width of the systematic uncertainty.
The ratio Rγψ can be determined from the above mea-

surements. By sampling the signal yields of Xð3872Þ →
γJ=ψ and Xð3872Þ → γψ 0 according to their likelihood
distributions, a probability distribution that depends on Rγψ
is obtained. After convolving this with a Gaussian distri-
bution representing the uncommon systematic uncertainty
between the two channels, the UL on Rγψ is determined to
be 0.59 at the 90% C.L.
We also perform fits where the signal contribution

is fixed to the expectation calculated from previous
measurements. We fix the cross section of eþe− →
γXð3872Þ; Xð3872Þ → πþπ−J=ψ production to the value
reported in Ref. [17] and take the relative ratio
fB½Xð3872Þ → γψ 0'g=fB½Xð3872Þ → πþπ−J=ψ 'g from a
global fit [25], or fix Xð3872Þ → γJ=ψ to our own
result and take Rγψ from an LHCb measurement [14]
and from a Belle measurement [16]. The results, also
shown in Fig. 1(b), have a goodness of fit of χ2=NDF ¼
46.9=59ðp ¼ 0.87Þ, 66.8=59ðp ¼ 0.23Þ, and 46.0=59

ðp ¼ 0.89Þ for the BESIII, LHCb, and Belle hypotheses,
respectively. Our result for Rγψ is 2.8σ lower than that
reported by the LHCb Collaboration, corresponding to a p
value of 0.0048 calculated with p ¼

R∞
0

R∞
R0

LðRÞGðR0Þ×
dRdR0, where LðRÞ is the likelihood distribution in this
Letter andGðRÞ is the Gaussian-assumed likelihood profile
of the uncertainty of LHCb measurement.
We consider the possibility of nonresonant three-

body production to the final states γD0D̄0 and π0D0D̄0,
in addition to the well-established decay Xð3872Þ →
D(0D̄0. We only search for Xð3872Þ with γLD0D̄0 because
the photon energy in Xð3872Þ → γD0D̄0 is always
lower than that in eþe− → γXð3872Þ. The mass spectra
MðγLD0D̄0Þ and Mðπ0D0D̄0Þ are shown in Fig. 2 for
the case when MðγL=π0DÞ lies in [Fig. 2(a)] or out of
[Fig. 2(b)] the D(0 mass region and when Mðπ0D0D̄0Þ lies
in this mass range [Fig. 2(c)]. We fit the three mass spectra
individually and use an efficiency matrix determined
from MC simulation that accounts for migrations of true
events between the mass ranges to determine the number
of produced events in each category. The signal yields
for nonresonant three-body Xð3872Þ → γD0D̄0 production
and the decay Xð3872Þ → D(0D̄0ðD(0 → γD0Þ are found
to be 1.3# 0.7 and 20.5# 7.4, respectively, and the corres-
ponding yields for Xð3872Þ → π0D0D̄0 and Xð3872Þ →
D(0D̄0ðD( → π0D0Þ decays are −0.5# 2.3 and 36.1#
7.7, respectively. The yields for the three-body decays are
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FIG. 2. MðγLD0D̄0Þ with MðγLD0Þ (a) in or (b) below the D(0

mass window. (c) Mðπ0D0D̄0Þ with Mðπ0D0Þ in the D(0 mass
window. Simultaneous fit results for Xð3872Þ → D(0D̄0 with
(d) D(0 → γD0 and (e) D(0 → π0D0 mode. (f) Fit results for
Xð3872Þ → γLDþD−. The points with error bars are from data,
the red curves are the best fit, and the blue dashed curves are the
background components.
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FIG. 1. (a) Fit results for Xð3872Þ → γJ=ψ for the μþμ− (top)
and eþe− (bottom) mode. (b) Fit results for Xð3872Þ → γψ 0 for
the πþπ−J=ψ (top) and μþμ− (bottom) mode. The points with
error bars are from data, the red curves are the best fit. In (b), the
rose-red dotted line represents the fit with the signal constrained
to the expectation using Xð3872Þ → πþπ−J=ψ based on the
relative ratios taken from a global fit [25]; the green dash-dotted
lines are using Xð3872Þ → γJ=ψ as the reference based on the
LHCb measurement [14], and the gray long dashed lines are
using Xð3872Þ → γJ=ψ as the reference based on the Belle
measurement [16].

PHYSICAL REVIEW LETTERS 124, 242001 (2020)

242001-5

γJ/ψ → γ(μ+μ−)

γJ/ψ → γ(e+e−)

γψ(2S) → γ(π+π−J/ψ)

γψ(2S) → γ(μ+μ−)

  BESIII can probe novel decay modes of the , including radiative decays 
and decays with open charm.
⟹ X(3872)
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 and X(3872) → γJ/ψ γψ(2S)
PRL 124, 242001 (2020)

  BESIII can probe novel decay modes of the , including radiative decays 
and decays with open charm.
⟹ X(3872)

not significant, and so we set ULs at the 90% C.L.
of 8.7 events for Xð3872Þ → γD0D̄0 and 2.3 events for
Xð3872Þ → π0D0D̄0, corresponding to 3.2 × 102 and 1.2 ×
102 BF- and efficiency-corrected events, respectively. Here
systematic uncertainties, which are discussed later, are
taken into account.
In the next stage of the analysis of the Xð3872Þ →

D#0D̄0 decays, the combination of γLD0 or π0D0 with
an invariant mass closest to the D#0 nominal mass is
taken as the D#0 candidate. For the channel D#0 →
γD0, the mass window for selecting the D#0 is
MðγLD0Þ ∈ ½mD#0 − 0.006; mD#0 þ 0.006& GeV=c2, while
for D#0 → π0D0 it is Mðπ0D0Þ ∈ ½mD#0 − 0.004; mD#0 þ
0.004& GeV=c2. The distributions of the corrected invariant
mass MðD#0D̄0Þ≡M½γðπ0ÞD0D̄0& −M½γðπ0ÞD& þmD#0

are shown in Figs. 2(d) and 2(e) following these require-
ments, where contributions from nonresonant three-body
processes are neglected.
To measure the Xð3872Þ → D#0D̄0 signal, a simulta-

neous fit is performed to the corrected invariant-mass
distributions. The ratio of the signal yields for D#0 →
γD0 and π0D0 is constrained to the product of correspond-
ing BFs and averaged reconstruction efficiencies. The
signals are represented by MC-simulated shapes and the
backgrounds by ARGUS functions [26], with thresholds
fixed at mD#0 þmD̄0 . The fit results are shown in Figs. 2(d)
and 2(e). The number of efficiency- and BF-corrected
Xð3872Þ → D#0D̄0 events is ð30.0' 5.4Þ × 103 and cor-
responds to 20.2' 3.6 and 25.5' 4.6 observed events for
D#0 → γD0 and π0D0 modes, respectively. The goodness
of fit is χ2=NDF ¼ 13.0=16ðp ¼ 0.67Þ after rebinning the
data to satisfy the criterion that there are at least seven
events in one bin. Varying the fit range and describing the
background with alternative shapes always results in a
signal fit that has a statistical significance greater than 7.4σ.
The invariant mass of the γDþD− system following

the Xð3872Þ → γDþD− selection is shown in Fig. 2(f).
No evident Xð3872Þ signal is found. This conclusion
is quantified by performing an unbinned maximum-
likelihood fit to the invariant-mass distribution, in which
the signal component is described by a MC-simulated

shape and the background is represented by a second-
order polynomial. The goodness of fit is χ2=NDF ¼
6.2=5ðp ¼ 0.29Þ. The fit yields ð0.0þ0.5

−0.0Þ Xð3872Þ events.
The UL on the number of the produced Xð3872Þ →
γDþD− is 2.8 × 103 events at the 90% C.L., with system-
atic uncertainties included in the calculation.
The decay channel Xð3872Þ → πþπ−J=ψ is recon-

structed [17,18] to provide a normalization mode against
which the rates of the other decays can be compared. This
channel yields 93.9' 11.4 Xð3872Þ → πþπ−J=ψ events,
corresponding to ð24.9' 3.0Þ × 102 BF- and efficiency-
corrected events. The relative ratios can then be obtained by
sampling the number of produced events of γJ=ψ , γψ 0,
γD0D̄0, π0D0D̄0, D#0D̄0, and γDþD− according to the
likelihood distributions, compared with that of πþπ−J=ψ .
We convolve the distributions with a Gaussian whose width
is the systematic uncertainty of each channel, where
uncertainties in common with the πþπ−J=ψ channel are
excluded. The ratios are listed in Table I for the modes
studied in this Letter, together with Xð3872Þ → ωJ=ψ and
π0χc1, whose production rates have recently been measured
by BESIII [18,27].
Systematic uncertainties considered in the analysis

include the detection efficiency, subdecay BFs, mass
window requirements, kinematic fit, initial-state radia-
tive (ISR) correction, generator model, and background
shapes. The uncertainties associated with the knowledge
of the detection efficiency, including tracking efficiency
(1% per track), photon detection efficiency (1% per photon),
PID efficiency (1% per track), and π0 reconstruction
efficiency (1% per π0) are assigned following the results
of earlier BESIII studies [28,29]. The uncertainties listed
for the modes that involve multiple subdecays are calculated
and weighted according to the BF and efficiency as well as
the correlations between the different decay channels used to
reconstruct these states. The uncertainties on the BFs of the
D meson, J=ψ , and ψ 0 decays are taken from Ref. [24].
The uncertainty associated with the mass window used

to select J=ψ mesons, which arises from a difference in
resolution between data and MC, is 1.6% [17] and that for
selecting D mesons is 0.7% per D meson [30]. The
systematic uncertainty associated with the efficiency of
the kinematic fit is estimated using the method discussed
in Ref. [31].
To assign the systematic uncertainty associated with the

MC events generation, we take the change in reconstruction
efficiency when varying the assumption of an E1 transition
in eþe− → γXð3872Þ and Xð3872Þ → γJ=ψðψ 0Þ decays to
pure phase space. We change the energy-dependent cross
section line shape of the Yð4260Þ [24] in the generator to
the measured eþe− → γXð3872Þ [18] line shape, and the
difference on the reconstruction efficiency is taken as the
systematic uncertainty due to the ISR correction. To
estimate the uncertainty arising from the limited knowledge
of the background shapes, we vary the shapes to different

TABLE I. Relative branching ratios and UL on branching ratios
compared with Xð3872Þ → πþπ−J=ψ [18,27], where systematic
uncertainties have been taken into account.

Mode Ratio UL

γJ=ψ 0.79' 0.28 ) ) )
γψ 0 −0.03' 0.22 < 0.42
γD0D̄0 0.54' 0.48 < 1.58
π0D0D̄0 −0.13' 0.47 < 1.16
D#0D̄0 þ c:c: 11.77' 3.09 ) ) )
γDþD− 0.00þ0.48

−0.00 < 0.99
ωJ=ψ 1.6þ0.4

−0.3 ' 0.2 [18] ) ) )
π0χc1 0.88þ0.33

−0.27 ' 0.10 [27] ) ) )
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Questions:  
How many and where are the poles (resonances) in the scattering matrix?

Future/Ongoing Work:  
Perform a global K-matrix fit to many channels.

X(3872) Physics  = well-known candidate for a  molecular state
New Results ( 2022):  

 [PRL 130, 151904 (2023)];   [PRD 107, 032007 (2023)];   [PRD 105, 072009 (2022)]

Questions:  
What is the ?  Can we use it to further study the properties of hadronic molecules?

Future/Ongoing Work:  
Study the line shape in  and look for new decays and production mechanisms.
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Are the  and  peaks evidence for further hadronic molecules or kinematic thresholds or something else?

Future/Ongoing Work:  
Study the line shapes in more detail with input from theory.
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γH. The distribution of Mðγψ 0Þ as well as the fitting results
are shown in Fig. 1(b). The fit yields ð−1.1# 5.2Þ × 102

BF- and efficiency-corrected Xð3872Þ → γψ 0 events, cor-
responding to −0.9# 4.1 and −0.4# 1.6 ψ 0 → πþπ−J=ψ
and μþμ− events, respectively, and the goodness of the fit is
χ2=NDF ¼ 45.0=58ðp ¼ 0.89Þ. The UL of the number of
BF- and efficiency-corrected events is calculated to be
1.0 × 103 at the 90% C.L. This is obtained by integrating
the likelihood distribution of the fit as a function of signal
yield after it is convolved with a Gaussian distribution with
the width of the systematic uncertainty.
The ratio Rγψ can be determined from the above mea-

surements. By sampling the signal yields of Xð3872Þ →
γJ=ψ and Xð3872Þ → γψ 0 according to their likelihood
distributions, a probability distribution that depends on Rγψ
is obtained. After convolving this with a Gaussian distri-
bution representing the uncommon systematic uncertainty
between the two channels, the UL on Rγψ is determined to
be 0.59 at the 90% C.L.
We also perform fits where the signal contribution

is fixed to the expectation calculated from previous
measurements. We fix the cross section of eþe− →
γXð3872Þ; Xð3872Þ → πþπ−J=ψ production to the value
reported in Ref. [17] and take the relative ratio
fB½Xð3872Þ → γψ 0'g=fB½Xð3872Þ → πþπ−J=ψ 'g from a
global fit [25], or fix Xð3872Þ → γJ=ψ to our own
result and take Rγψ from an LHCb measurement [14]
and from a Belle measurement [16]. The results, also
shown in Fig. 1(b), have a goodness of fit of χ2=NDF ¼
46.9=59ðp ¼ 0.87Þ, 66.8=59ðp ¼ 0.23Þ, and 46.0=59

ðp ¼ 0.89Þ for the BESIII, LHCb, and Belle hypotheses,
respectively. Our result for Rγψ is 2.8σ lower than that
reported by the LHCb Collaboration, corresponding to a p
value of 0.0048 calculated with p ¼

R∞
0

R∞
R0

LðRÞGðR0Þ×
dRdR0, where LðRÞ is the likelihood distribution in this
Letter andGðRÞ is the Gaussian-assumed likelihood profile
of the uncertainty of LHCb measurement.
We consider the possibility of nonresonant three-

body production to the final states γD0D̄0 and π0D0D̄0,
in addition to the well-established decay Xð3872Þ →
D(0D̄0. We only search for Xð3872Þ with γLD0D̄0 because
the photon energy in Xð3872Þ → γD0D̄0 is always
lower than that in eþe− → γXð3872Þ. The mass spectra
MðγLD0D̄0Þ and Mðπ0D0D̄0Þ are shown in Fig. 2 for
the case when MðγL=π0DÞ lies in [Fig. 2(a)] or out of
[Fig. 2(b)] the D(0 mass region and when Mðπ0D0D̄0Þ lies
in this mass range [Fig. 2(c)]. We fit the three mass spectra
individually and use an efficiency matrix determined
from MC simulation that accounts for migrations of true
events between the mass ranges to determine the number
of produced events in each category. The signal yields
for nonresonant three-body Xð3872Þ → γD0D̄0 production
and the decay Xð3872Þ → D(0D̄0ðD(0 → γD0Þ are found
to be 1.3# 0.7 and 20.5# 7.4, respectively, and the corres-
ponding yields for Xð3872Þ → π0D0D̄0 and Xð3872Þ →
D(0D̄0ðD( → π0D0Þ decays are −0.5# 2.3 and 36.1#
7.7, respectively. The yields for the three-body decays are
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FIG. 2. MðγLD0D̄0Þ with MðγLD0Þ (a) in or (b) below the D(0

mass window. (c) Mðπ0D0D̄0Þ with Mðπ0D0Þ in the D(0 mass
window. Simultaneous fit results for Xð3872Þ → D(0D̄0 with
(d) D(0 → γD0 and (e) D(0 → π0D0 mode. (f) Fit results for
Xð3872Þ → γLDþD−. The points with error bars are from data,
the red curves are the best fit, and the blue dashed curves are the
background components.
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FIG. 1. (a) Fit results for Xð3872Þ → γJ=ψ for the μþμ− (top)
and eþe− (bottom) mode. (b) Fit results for Xð3872Þ → γψ 0 for
the πþπ−J=ψ (top) and μþμ− (bottom) mode. The points with
error bars are from data, the red curves are the best fit. In (b), the
rose-red dotted line represents the fit with the signal constrained
to the expectation using Xð3872Þ → πþπ−J=ψ based on the
relative ratios taken from a global fit [25]; the green dash-dotted
lines are using Xð3872Þ → γJ=ψ as the reference based on the
LHCb measurement [14], and the gray long dashed lines are
using Xð3872Þ → γJ=ψ as the reference based on the Belle
measurement [16].
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New Results ( 2022):  

 [PRD 106, 072001 (2022)];  [CPC 46, 111002 (2022)];  [PRD 107, 092005 (2023)];
 and  [JHEP 05, 155 (2022)];  [PRL 130, 121901 (2023)];  [PRD 106, 052012 (2022)];
 [arXiv:2305.10789];   [PRL 129, 102003 (2022)];  [JHEP 02, 171 (2023)];   [JHEP 01, 132 (2023)]

Questions:  
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Perform a global K-matrix fit to many channels.

X(3872) Physics  = well-known candidate for a  molecular state
New Results ( 2022):  
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What is the ?  Can we use it to further study the properties of hadronic molecules?

Future/Ongoing Work:  
Study the line shape in  and look for new decays and production mechanisms.
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 [PRL 129, 112003 (2022)];   [CPC 47, 033001 (2023)]
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Are the  and  peaks evidence for further hadronic molecules or kinematic thresholds or something else?

Future/Ongoing Work:  
Study the line shapes in more detail with input from theory.
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X(3872) Physics

Search for e+e− → X(3872) → π+π−J/ψ
PRD 107, 032007 (2023)

processes. The cross section from continuum is assumed
to be a linear function of c.m. energy. The Xð3872Þ is
modeled as a relativistic Breit-Wigner resonance. Only the
πþπ−J=ψ decay mode is reconstructed in the cross section
measurement. As a consequence, the corresponding
branching fraction needs to be included in the line-shape
parametrization:

σð
ffiffiffi
s

p
Þ ¼ σcont þ 12π

ΓtotΓee × BðXð3872Þ → πþπ−J=ψÞ
ðs −m2

0Þ2 þm2
0Γ2

tot
;

ð2Þ

where σcont, Γtot, and Γee are the constant continuum cross
section, the total width and the electronic width of the
Xð3872Þ, respectively. m0 is the mass of Xð3872Þ.
In each dataset,

ffiffiffi
s

p
is Gaussian distributed because of the

energy spread. From the BEMS realtime measurements,
the energy spread is determined to be 1.6 (1.7) MeV for the
off-resonance (on-resonance) dataset. This is roughly the
same magnitude as the total width of Xð3872Þ and brings
a non-negligible effect. It is included by a convolution
of a Gaussian distribution. σi ¼ σð ffiffiffiffi

si
p Þ ⊗ 1

δi
ffiffiffiffi
2π

p expð− si
2δ2i
Þ.

Here, δi is the beam energy spread for the dataset i.
In 2020, two measurements on the total width

were released as ð1.39% 0.24% 0.10Þ MeV [16] and
ð0.96þ0.19

−0.18 % 0.21Þ MeV [17], resulting in an average value
of ð1.19% 0.21Þ MeV [12]. In this analysis, we treat the
product Γee × BðXð3872Þ → πþπ−J=ψÞ as one parameter,
and an upper limit on this product is measured. Then,
we also calculate Γee using two different values for the
branching fraction BðXð3872Þ → πþπ−J=ψÞ. This was
recently measured to be ð4.1% 1.3Þ% by the BABAR

collaboration [35], and the latest world average value is
ð3.8% 1.2Þ% [12].
In total, there are three unknown parameters left, σcont,

Γtot, and Γee × BðXð3872Þ → πþπ−J=ψÞ or Γee. The mass
m0 is fixed to ð3871.65% 0.06Þ MeV=c2 [12]. Using the
line-shape parametrization, an extended likelihood function
depending on the cross section for each dataset and J=ψ
mode is constructed. Upper limits for the electronic width
are determined at different Γtot inputs. Figure 4 shows the
determination of the upper limit on Γee × B for an assumed
total width of 1.19 MeV. Figure 5 shows a scan of Γee × B
in a wide range of Γtot from 0 to 3 MeV. Four different Γtot,
[0.96 [17], 1.19 [12], <1.2 [12], 1.39 [16]] MeV, are
indicated with vertical lines. For each of the Γtot inputs with
a mean value and an uncertainty, a unique value of the
upper limit of Γee × B is obtained by an integral of the
likelihood over Γtot based on a Gaussian assumption of Γtot.
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  BESIII continues to search for new production mechanisms and decay modes.⟹



Use  data at  between 4 and 5 GeV to study…

Y Physics  = unexpected features (states?) in exclusive  cross sections ( )
New Results ( 2022):  

 [PRD 106, 072001 (2022)];  [CPC 46, 111002 (2022)];  [PRD 107, 092005 (2023)];
 and  [JHEP 05, 155 (2022)];  [PRL 130, 121901 (2023)];  [PRD 106, 052012 (2022)];
 [arXiv:2305.10789];   [PRL 129, 102003 (2022)];  [JHEP 02, 171 (2023)];   [JHEP 01, 132 (2023)]

Questions:  
How many and where are the poles (resonances) in the scattering matrix?

Future/Ongoing Work:  
Perform a global K-matrix fit to many channels.

X(3872) Physics  = well-known candidate for a  molecular state
New Results ( 2022):  

 [PRL 130, 151904 (2023)];   [PRD 107, 032007 (2023)];   [PRD 105, 072009 (2022)]

Questions:  
What is the ?  Can we use it to further study the properties of hadronic molecules?

Future/Ongoing Work:  
Study the line shape in  and look for new decays and production mechanisms.

 Physics and  Physics  = peaks with  seen near , , and  thresholds 
New Results ( 2022):  

 [PRL 129, 112003 (2022)];   [CPC 47, 033001 (2023)]

Questions:  
Are the  and  peaks evidence for further hadronic molecules or kinematic thresholds or something else?

Future/Ongoing Work:  
Study the line shapes in more detail with input from theory.
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X(3872) Physics

Search for X(3872) → π0χc0, π+π−χc0, π0π0χc0

PRD 105, 072009 (2022)

VII. SUMMARY

In summary, we perform a search for the decays
Xð3872Þ → π0χc0, Xð3872Þ → πþπ−χc0, and Xð3872Þ →
π0π0χc0. The significance for Xð3872Þ → π0χc0 is found to
be at least 1.3σ. Since the fit results are all below 3σ, we set
an upper limit of BðXð3872Þ→π0χc0Þ

BðXð3872Þ→πþπ−J=ψÞ < 3.6 at 90% C.L,
which is a significant improvement over the previous
BESIII upper limit of BðXð3872Þ→π0χc0Þ

BðXð3872Þ→πþπ−J=ψÞ < 19 [9].
Combined with the previous BESIII result [9] of
BðXð3872Þ→π0χc1Þ

BðXð3872Þ→πþπ−J=ψÞ ¼ 0.88þ0.33
−0.27 % 0.10, we set an upper limit

of BðXð3872Þ→π0χc0Þ
BðXð3872Þ→π0χc1Þ

< 4.5 at 90% C.L. This upper limit is too
large to rule out any interpretation of the Xð3872Þ state.
We find no significant signals for Xð3872Þ → πþπ−χc0

and Xð3872Þ → π0π0χc0, so we set upper limits of
BðXð3872Þ→πþπ−χc0Þ
BðXð3872Þ→πþπ−J=ψÞ < 0.56, and BðXð3872Þ→π0π0χc0Þ

BðXð3872Þ→πþπ−J=ψÞ < 1.7 at
90% C.L. Both of them are consistent with theoretical
predictions from Ref. [12] that they should be suppressed
regardless of whether the Xð3872Þ is a four-quark or
charmonium state. All of our results are summarized in
Table XI.
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TABLE XI. 90%C.L. upper limits for eachof ourmeasurements.

Ratio 90% C.L. upper limit

BðXð3872Þ→π0χc0Þ
BðXð3872Þ→πþπ−J=ψÞ

3.6

BðXð3872Þ→π0χc0Þ
BðXð3872Þ→π0χc1Þ

4.5

BðXð3872Þ→πþπ−χc0Þ
BðXð3872Þ→πþπ−J=ψÞ

0.56

BðXð3872Þ→π0π0χc0Þ
BðXð3872Þ→πþπ−J=ψÞ

1.7
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where NππJ=ψ and ϵππJ=ψ are the number of events and
reconstruction efficiency for Xð3872Þ → πþπ−J=ψ,
respectively. The branching fraction for π0 → γγ is denoted
by Bðπ0Þ, and the branching fraction for J=ψ → lþl−

(l ¼ e or μ) is BðJ=ψÞ, which are taken from the PDG.
Note that the production cross section, ISR correction
factors, and the integrated luminosity are canceled in the
ratio, and the ratio of branching fractions is only sensitive to
the ratio of efficiencies.
To calculate the significance of the signal, we perform a

fit with the signal yield floating, as well as a fit with the
signal yield fixed to zero. We then use the likelihood ratio
test to determine the statistical significance of the fit. The
systematic uncertainty due to the fitting model is deter-
mined using 648 alternative fit models, described in detail
in Sec. V F.

A. Normalization channel

The results of the fit to the normalization channel are
shown in Fig. 2. There is a clear signal for the Xð3872Þ
state. The reconstruction efficiency is 32.5% 0.2%, and the
fit yield is 88.7þ10.4

−9.7 . These are both consistent with
Ref. [9]’s measured efficiency of 32.3% and yield of
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FIG. 2. Fit result to the πþπ−J=ψ mass spectrum with a first
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line) and a Voigtian as a signal function (solid line). There is a
clear signal for the Xð3872Þ state.
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Use  data at  between 4 and 5 GeV to study…

Y Physics  = unexpected features (states?) in exclusive  cross sections ( )
New Results ( 2022):  

 [PRD 106, 072001 (2022)];  [CPC 46, 111002 (2022)];  [PRD 107, 092005 (2023)];
 and  [JHEP 05, 155 (2022)];  [PRL 130, 121901 (2023)];  [PRD 106, 052012 (2022)];
 [arXiv:2305.10789];   [PRL 129, 102003 (2022)];  [JHEP 02, 171 (2023)];   [JHEP 01, 132 (2023)]

Questions:  
How many and where are the poles (resonances) in the scattering matrix?

Future/Ongoing Work:  
Perform a global K-matrix fit to many channels.

X(3872) Physics  = well-known candidate for a  molecular state
New Results ( 2022):  

 [PRL 130, 151904 (2023)];   [PRD 107, 032007 (2023)];   [PRD 105, 072009 (2022)]

Questions:  
What is the ?  Can we use it to further study the properties of hadronic molecules?

Future/Ongoing Work:  
Study the line shape in  and look for new decays and production mechanisms.

 Physics and  Physics  = peaks with  seen near , , and  thresholds 
New Results ( 2022):  

 [PRL 129, 112003 (2022)];   [CPC 47, 033001 (2023)]

Questions:  
Are the  and  peaks evidence for further hadronic molecules or kinematic thresholds or something else?

Future/Ongoing Work:  
Study the line shapes in more detail with input from theory.
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Use  data at  between 4 and 5 GeV to study…

Y Physics  = unexpected features (states?) in exclusive  cross sections ( )
New Results ( 2022):  

 [PRD 106, 072001 (2022)];  [CPC 46, 111002 (2022)];  [PRD 107, 092005 (2023)];
 and  [JHEP 05, 155 (2022)];  [PRL 130, 121901 (2023)];  [PRD 106, 052012 (2022)];
 [arXiv:2305.10789];   [PRL 129, 102003 (2022)];  [JHEP 02, 171 (2023)];   [JHEP 01, 132 (2023)]

Questions:  
How many and where are the poles (resonances) in the scattering matrix?

Future/Ongoing Work:  
Perform a global K-matrix fit to many channels.

X(3872) Physics  = well-known candidate for a  molecular state
New Results ( 2022):  

 [PRL 130, 151904 (2023)];   [PRD 107, 032007 (2023)];   [PRD 105, 072009 (2022)]

Questions:  
What is the ?  Can we use it to further study the properties of hadronic molecules?

Future/Ongoing Work:  
Study the line shape in  and look for new decays and production mechanisms.

 Physics and  Physics  = peaks with  seen near , , and  thresholds 
New Results ( 2022):  

 [PRL 129, 112003 (2022)];   [CPC 47, 033001 (2023)]

Questions:  
Are the  and  peaks evidence for further hadronic molecules or kinematic thresholds or something else?

Future/Ongoing Work:  
Study the line shapes in more detail with input from theory.
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PRL110, 252001 (2013)

e+e− → Zc(3900)π → π+π−J/ψ
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FIG. 3: One dimensional projections of the M(π+J/ψ), M(π−J/ψ), and M(π+π−) invariant mass distributions in e+e− → π+π−J/ψ
for data in the J/ψ signal region (dots with error bars), data in the J/ψ sideband region (shaded histograms), and MC simulation results from
σ(500), f0(980) and non-resonant π+π− amplitudes (red dot-dashed histograms). The pink blank histograms show a MC simulation of the
Zc(3900) signal with arbitrary normalization.
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FIG. 4: Fit to the Mmax(π±J/ψ) distribution as described in the
text. Dots with error bars are data; the red solid curve shows the total
fit, and the blue dotted curve the background from the fit; the red dot-
dashed histogram shows the result of a phase space MC simulation;
and the green shaded histogram shows the normalized J/ψ sideband
events.

between the MC and measured mass resolutions of the J/ψ
and D0 signals. We find the difference is 1.0 MeV in the
width, and 0.2% absolute in the production ratio, which are
taken as the systematic errors. Assuming all the sources of
systematic uncertainty are independent, the total systematic
error is 4.9 MeV/c2 for mass, 20 MeV for width and 7.5% for
the production ratio.
In Summary, we have studied e+e− → π+π−J/ψ at a

CM energy of 4.26 GeV. The cross section is measured to
be (62.9 ± 1.9 ± 3.7) pb, which agrees with the existing re-
sults from the BaBar [5], Belle [3], and CLEO [4] experi-
ments. In addition, a structure with a mass of (3899.0± 3.6±
4.9) MeV/c2 and a width of (46± 10± 20)MeV is observed
in the π±J/ψ mass spectrum. This structure couples to char-
monium and has an electric charge, which is suggestive of a
state containing more quarks than just a charm and anti-charm

quark. Similar studies were performed in B decays, with un-
confirmed structures reported in the π±ψ(3686) and π±χc1

systems [23–26]. It is also noted that model-dependent calcu-
lations exist that attempt to explain the charged bottomonium-
like structures which may also apply to the charmoniumlike
structures, and there were model predictions of charmonium-
like structures near the DD̄∗ andD∗D̄∗ thresholds [27].
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Use  data at  between 4 and 5 GeV to study…

Y Physics  = unexpected features (states?) in exclusive  cross sections ( )
New Results ( 2022):  

 [PRD 106, 072001 (2022)];  [CPC 46, 111002 (2022)];  [PRD 107, 092005 (2023)];
 and  [JHEP 05, 155 (2022)];  [PRL 130, 121901 (2023)];  [PRD 106, 052012 (2022)];
 [arXiv:2305.10789];   [PRL 129, 102003 (2022)];  [JHEP 02, 171 (2023)];   [JHEP 01, 132 (2023)]

Questions:  
How many and where are the poles (resonances) in the scattering matrix?

Future/Ongoing Work:  
Perform a global K-matrix fit to many channels.

X(3872) Physics  = well-known candidate for a  molecular state
New Results ( 2022):  

 [PRL 130, 151904 (2023)];   [PRD 107, 032007 (2023)];   [PRD 105, 072009 (2022)]

Questions:  
What is the ?  Can we use it to further study the properties of hadronic molecules?

Future/Ongoing Work:  
Study the line shape in  and look for new decays and production mechanisms.

 Physics and  Physics  = peaks with  seen near , , and  thresholds 
New Results ( 2022):  

 [PRL 129, 112003 (2022)];   [CPC 47, 033001 (2023)]

Questions:  
Are the  and  peaks evidence for further hadronic molecules or kinematic thresholds or something else?

Future/Ongoing Work:  
Study the line shapes in more detail with input from theory.

e+e− ECM

e+e− σ(EEM)
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π+π−J/ψ K+K−J/ψ KSKSJ/ψ
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D*+
s D*−

s π+π−ψ2(3823) π0π0ψ2(3823) ϕχcJ

D*D̄
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X(3872) → D*0D̄0

Zc Zcs I ≠ 0 DD* D*D* DsD*
≥

e+e− → KSZ0
cs → Ks(D+

s D*−) e+e− → K+Z′￼−
cs → K+(D*−

s D*0)
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 Physics and  PhysicsZc Zcs

PRL110, 252001 (2013)

e+e− → Zc(3900)π → π+π−J/ψ
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FIG. 3: One dimensional projections of the M(π+J/ψ), M(π−J/ψ), and M(π+π−) invariant mass distributions in e+e− → π+π−J/ψ
for data in the J/ψ signal region (dots with error bars), data in the J/ψ sideband region (shaded histograms), and MC simulation results from
σ(500), f0(980) and non-resonant π+π− amplitudes (red dot-dashed histograms). The pink blank histograms show a MC simulation of the
Zc(3900) signal with arbitrary normalization.
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FIG. 4: Fit to the Mmax(π±J/ψ) distribution as described in the
text. Dots with error bars are data; the red solid curve shows the total
fit, and the blue dotted curve the background from the fit; the red dot-
dashed histogram shows the result of a phase space MC simulation;
and the green shaded histogram shows the normalized J/ψ sideband
events.

between the MC and measured mass resolutions of the J/ψ
and D0 signals. We find the difference is 1.0 MeV in the
width, and 0.2% absolute in the production ratio, which are
taken as the systematic errors. Assuming all the sources of
systematic uncertainty are independent, the total systematic
error is 4.9 MeV/c2 for mass, 20 MeV for width and 7.5% for
the production ratio.
In Summary, we have studied e+e− → π+π−J/ψ at a

CM energy of 4.26 GeV. The cross section is measured to
be (62.9 ± 1.9 ± 3.7) pb, which agrees with the existing re-
sults from the BaBar [5], Belle [3], and CLEO [4] experi-
ments. In addition, a structure with a mass of (3899.0± 3.6±
4.9) MeV/c2 and a width of (46± 10± 20)MeV is observed
in the π±J/ψ mass spectrum. This structure couples to char-
monium and has an electric charge, which is suggestive of a
state containing more quarks than just a charm and anti-charm

quark. Similar studies were performed in B decays, with un-
confirmed structures reported in the π±ψ(3686) and π±χc1

systems [23–26]. It is also noted that model-dependent calcu-
lations exist that attempt to explain the charged bottomonium-
like structures which may also apply to the charmoniumlike
structures, and there were model predictions of charmonium-
like structures near the DD̄∗ andD∗D̄∗ thresholds [27].
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FIG. 3: Mπ±hc
distribution of e+e− → π+π−hc candidate events in the hc signal region (dots with error

bars) and the normalized hc sideband region (shaded histogram), summed over data at all energy points.
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FIG. 4: Sum of the simultaneous fits to the Mπ±hc
distributions at 4.23 GeV, 4.26 GeV, and 4.36 GeV

as described in the text; the inset shows the sum of the simultaneous fit to the Mπ+hc
distributions at

4.23 GeV and 4.26 GeV with Zc(3900) and Zc(4020). Dots with error bars are data; shaded histograms are
normalized sideband background; the solid curves show the total fit, and the dotted curves the backgrounds
from the fit.
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Use  data at  between 4 and 5 GeV to study…

Y Physics  = unexpected features (states?) in exclusive  cross sections ( )
New Results ( 2022):  

 [PRD 106, 072001 (2022)];  [CPC 46, 111002 (2022)];  [PRD 107, 092005 (2023)];
 and  [JHEP 05, 155 (2022)];  [PRL 130, 121901 (2023)];  [PRD 106, 052012 (2022)];
 [arXiv:2305.10789];   [PRL 129, 102003 (2022)];  [JHEP 02, 171 (2023)];   [JHEP 01, 132 (2023)]

Questions:  
How many and where are the poles (resonances) in the scattering matrix?

Future/Ongoing Work:  
Perform a global K-matrix fit to many channels.

X(3872) Physics  = well-known candidate for a  molecular state
New Results ( 2022):  

 [PRL 130, 151904 (2023)];   [PRD 107, 032007 (2023)];   [PRD 105, 072009 (2022)]

Questions:  
What is the ?  Can we use it to further study the properties of hadronic molecules?

Future/Ongoing Work:  
Study the line shape in  and look for new decays and production mechanisms.

 Physics and  Physics  = peaks with  seen near , , and  thresholds 
New Results ( 2022):  

 [PRL 129, 112003 (2022)];   [CPC 47, 033001 (2023)]

Questions:  
Are the  and  peaks evidence for further hadronic molecules or kinematic thresholds or something else?

Future/Ongoing Work:  
Study the line shapes in more detail with input from theory.

e+e− ECM

e+e− σ(EEM)
≥

π+π−J/ψ K+K−J/ψ KSKSJ/ψ
D*+D*− D*+D− D*0D*−π+ D+D−π+π−

D*+
s D*−

s π+π−ψ2(3823) π0π0ψ2(3823) ϕχcJ

D*D̄
≥

e+e− → ωX(3872) e+e− → X(3872) X(3872) → n(π)χc0

X(3872)

X(3872) → D*0D̄0

Zc Zcs I ≠ 0 DD* D*D* DsD*
≥

e+e− → KSZ0
cs → Ks(D+

s D*−) e+e− → K+Z′￼−
cs → K+(D*−

s D*0)

Zc Zcs
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e+e− → Zc(3900)π → π+π−J/ψ
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FIG. 3: One dimensional projections of the M(π+J/ψ), M(π−J/ψ), and M(π+π−) invariant mass distributions in e+e− → π+π−J/ψ
for data in the J/ψ signal region (dots with error bars), data in the J/ψ sideband region (shaded histograms), and MC simulation results from
σ(500), f0(980) and non-resonant π+π− amplitudes (red dot-dashed histograms). The pink blank histograms show a MC simulation of the
Zc(3900) signal with arbitrary normalization.
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FIG. 4: Fit to the Mmax(π±J/ψ) distribution as described in the
text. Dots with error bars are data; the red solid curve shows the total
fit, and the blue dotted curve the background from the fit; the red dot-
dashed histogram shows the result of a phase space MC simulation;
and the green shaded histogram shows the normalized J/ψ sideband
events.

between the MC and measured mass resolutions of the J/ψ
and D0 signals. We find the difference is 1.0 MeV in the
width, and 0.2% absolute in the production ratio, which are
taken as the systematic errors. Assuming all the sources of
systematic uncertainty are independent, the total systematic
error is 4.9 MeV/c2 for mass, 20 MeV for width and 7.5% for
the production ratio.
In Summary, we have studied e+e− → π+π−J/ψ at a

CM energy of 4.26 GeV. The cross section is measured to
be (62.9 ± 1.9 ± 3.7) pb, which agrees with the existing re-
sults from the BaBar [5], Belle [3], and CLEO [4] experi-
ments. In addition, a structure with a mass of (3899.0± 3.6±
4.9) MeV/c2 and a width of (46± 10± 20)MeV is observed
in the π±J/ψ mass spectrum. This structure couples to char-
monium and has an electric charge, which is suggestive of a
state containing more quarks than just a charm and anti-charm

quark. Similar studies were performed in B decays, with un-
confirmed structures reported in the π±ψ(3686) and π±χc1

systems [23–26]. It is also noted that model-dependent calcu-
lations exist that attempt to explain the charged bottomonium-
like structures which may also apply to the charmoniumlike
structures, and there were model predictions of charmonium-
like structures near the DD̄∗ andD∗D̄∗ thresholds [27].
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FIG. 3: Mπ±hc
distribution of e+e− → π+π−hc candidate events in the hc signal region (dots with error

bars) and the normalized hc sideband region (shaded histogram), summed over data at all energy points.
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FIG. 4: Sum of the simultaneous fits to the Mπ±hc
distributions at 4.23 GeV, 4.26 GeV, and 4.36 GeV

as described in the text; the inset shows the sum of the simultaneous fit to the Mπ+hc
distributions at

4.23 GeV and 4.26 GeV with Zc(3900) and Zc(4020). Dots with error bars are data; shaded histograms are
normalized sideband background; the solid curves show the total fit, and the dotted curves the backgrounds
from the fit.
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FIG. 3. Simultaneous unbinned maximum likelihood fit to
the K+ recoil-mass spectra in data at

√
s=4.628, 4.641,

4.661, 4.681 and 4.698 GeV. Note that the size of the
D∗0D̄∗

1(2600)
0(→ D−

s K+) component is consistent with ze-
ro.

Figure 3(a) shows the RM(K+) distribution for events
at

√
s = 4.681GeV; an enhancement is evident in the

region RM(K+) < 4GeV/c2 compared to the expec-
tation from the WS events. This is clearly illustrat-
ed in the RM(K+) distribution in data with subtrac-
tion of the WS component in Fig. 4. The enhance-
ment cannot be attributed to the NR signal processes
e+e− → K+(D−

s D
∗0+D∗−

s D0). To understand potential

contributions from the processes e+e− → D(∗)−
s D∗∗+

s (→
D(∗)0K+) or D(∗)0D̄∗∗0(→ D(∗)−

s K+), we examine all
known D∗∗

(s) excited states [30, 31] using MC simulation
samples. Dedicated exclusive MC studies show that none
of these processes, including possible interference effects,
exhibit a narrow structure below 4.0GeV/c2 [28].

The following three processes that contain excit-
ed D∗∗+

s background have potential contributions
to the RM(K+) spectrum: (1) D−

s D
∗
s1(2536)

+(→
D∗0K+), (2) D∗−

s D∗
s2(2573)

+(→ D0K+), and
(3) D−

s D
∗
s1(2700)

+(→ D∗0K+). We estimate their
production cross sections by studying several control
samples. The yields for channel (1) are estimated by
analyzing the D∗

s1(2536)
+ peak in the D∗0K+ mass

spectra using two separate partially reconstructed sam-
ples: K+D−

s (with D∗0 missing) and K+D∗0 (with D−
s

missing). For channel (2), control samples are selected
by reconstructing D0K+γ (with missing D−

s ) or K
+D∗−

s
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FIG. 4. The K+ recoil-mass spectrum in data at
√
s =

4.681GeV after subtraction of the combinatorial back-
grounds.

(with missing D0). The D∗
s2(2573)

+ yield is obtained
from combined fits to the D0K+ mass spectra. From
this, the contribution from channel (2) to the signal can-
didates in Fig. 3 is evaluated. For channel (3), a control
sample of e+e− → D−

s D
∗
s1(2700)

+(→ D0K+) is selected
by detecting the D−

s K
+ recoiling against a missing

D0. We then use the BF ratio of B(D∗
s1(2700)

+ →
D∗0K+)/B(D∗

s1(2700)
+ → D0K+) = 0.91± 0.18 [32] to

estimate the strength of this background contribution.
The shapes in RM(K+) of these three channels are
extracted from MC samples, whereas the normalization
is derived from the control samples. The estimated
background contributions of the channels (1), (2) and
(3) in the RM(K+) spectrum at

√
s = 4.681GeV are

54.4± 8.0, 19.1± 7.6 and 15.0± 13.3 events, respectively.
For the other energy points, the estimated yields of the
three channels are given in Ref. [28].
Two processes with excited nonstrange D̄∗∗0 states

that produce potential enhancements around 4GeV/c2

in RM(K+) are D∗0D̄∗
1(2600)

0(→ D−
s K

+) [30, 31] and
D0D̄∗

3(2750)
0(→ D∗−

s K+). In these processes, the
RM(K+) spectrum is distorted due to limited produc-
tion phase space. The first process is studied using
an amplitude analysis of the control sample e+e− →
D∗0D̄∗

1(2600)
0(→ D−π+) at all five energy points. Since

the ratio B(D̄∗
1(2600)

0 → D−
s K

+)/B(D̄∗
1(2600)

0 →
D−π+) is unknown, it is difficult to project the results of
the amplitude analysis into our signal channel. Instead,
we determine the ratio in our nominal fit, providing a
constraint on the size of the D∗0D̄∗

1(2600)
0(→ D−

s K
+)

component at the different energy points. For the second
process, no significant signal is observed in the control
sample e+e− → D0D̄∗

3(2750)
0(→ D−π+). Assuming the

relative BF ratio B(D̄∗
3 → D∗−

s K+)/B(D̄∗
3 → D−π+) =

4.1% [33], the contribution of the D0D∗
3(2750)

0 channel
to Fig. 3 is estimated to be 0.0± 0.4 events, and the cor-
responding upper limit is taken into account as a source
of systematic uncertainty.
As no known processes explain the observed en-

hancement in the RM(K+) spectrum, which is very
close to the threshold of D−

s D
∗0 (3975.2MeV/c2) and

D∗−
s D0 (3977.0MeV/c2), we consider the possibility of

describing the structure as a D−
s D

∗0 and D∗−
s D0 res-

onance with a mass-dependent-width Breit-Wigner line

  The isospin-1/2  is near  threshold.⟹ Zcs(3985) DsD*
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Use  data at  between 4 and 5 GeV to study…

Y Physics  = unexpected features (states?) in exclusive  cross sections ( )
New Results ( 2022):  

 [PRD 106, 072001 (2022)];  [CPC 46, 111002 (2022)];  [PRD 107, 092005 (2023)];
 and  [JHEP 05, 155 (2022)];  [PRL 130, 121901 (2023)];  [PRD 106, 052012 (2022)];
 [arXiv:2305.10789];   [PRL 129, 102003 (2022)];  [JHEP 02, 171 (2023)];   [JHEP 01, 132 (2023)]

Questions:  
How many and where are the poles (resonances) in the scattering matrix?

Future/Ongoing Work:  
Perform a global K-matrix fit to many channels.

X(3872) Physics  = well-known candidate for a  molecular state
New Results ( 2022):  

 [PRL 130, 151904 (2023)];   [PRD 107, 032007 (2023)];   [PRD 105, 072009 (2022)]

Questions:  
What is the ?  Can we use it to further study the properties of hadronic molecules?

Future/Ongoing Work:  
Study the line shape in  and look for new decays and production mechanisms.

 Physics and  Physics  = peaks with  seen near , , and  thresholds 
New Results ( 2022):  

 [PRL 129, 112003 (2022)];   [CPC 47, 033001 (2023)]

Questions:  
Are the  and  peaks evidence for further hadronic molecules or kinematic thresholds or something else?

Future/Ongoing Work:  
Study the line shapes in more detail with input from theory.

e+e− ECM
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≥
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[35]. The RQðK0
SDÞ spectra are shown in Fig. 1. These

spectra are used to identify the three-body processes
K0

SD
þ
s D$− and K0

SD
$þ
s D−, which contribute to peak-

ing structures in the regions of the D$− and D$þ
s

mass, respectively. We require jRQðK0
SD

þ
s Þ −mðD$−Þj <

20 MeV=c2 and jRQðK0
SD

−Þ −mðD$þ
s Þj < 10 MeV=c2.

Studies of the inclusive MC simulations show that there
is negligible peaking background in the signal regions. To
evaluate the level of combinatorial background in the
sample of selected three-body candidates, linear fits to
the RQðK0

SD
þ
s Þ sideband region (½1.90; 1.97& GeV=c2 and

½2.05; 2.15& GeV=c2), and to the RQðK0
SD

−Þ sideband

region (½2.05; 2.08& GeV=c2 and ½2.14; 2.20& GeV=c2) are
performed, where the slopes are fixed according to the
corresponding MðDÞ sideband samples. Table II lists the
number of combinatorial background candidates for the
two tag methods at each energy point.
Figure 2 shows RMðK0

SÞ, the bachelor K0
S recoil-mass

distribution, for the signal candidates selected from both
tags. There is an enhancement near the mass threshold of
Dþ

s D$− and D$þ
s D−, which is most evident in the

4.682 GeV and 4.699 GeV datasets.
To understand potential contributions from the highly

excited strange-charmed mesons D$$
s in the RMðK0

SÞ
distribution, we simulate the exclusive production of
Ds1ð2536Þ−Dþ

s , Ds2ð2573Þ−D$þ
s , and Ds1ð2700Þ−Dþ

s in
eþe− annihilations. Assuming isospin symmetry, their
production cross sections are those of the corresponding
states studied during the analysis of the charged
Zcsð3985Þþ [21]. In addition, the potential effect of excited
nonstrange charmed mesons D$$ are explored as descri-
bed in Ref. [39], where D$

2ð2460ÞþD$−, Dð2550ÞþD−,
D$

1ð2600ÞþD$−, D$
1ð2600ÞþD−, Dð2740ÞþD−, and

D$
3ð2750ÞþD− are taken into account. We find the thresh-

old enhancement cannot be explained by these excited
states, and hence, we consider its possible origin to be the
neutral Z0

cs state.
A simultaneous unbinned maximum likelihood fit is

applied to the distributions of RMðK0
SÞ at five energy

points. We adopt two S-wave Breit-Wigner functions R1

and R2 to describe the Z0
cs resonance:

R ¼
!!!!

1

M2 −m2
0 þ im0½f · Γ1ðMÞ þ ð1 − fÞ · Γ2ðMÞ&

!!!!
2

R1 ¼ R · q · p1; R2 ¼ R · q · p2;

Γ1ðMÞ ¼ Γ0 ·
p1

p$
1

·
m0

M
; Γ2ðMÞ ¼ Γ0 ·

p2

p$
2

·
m0

M
;

where R1 describes the decay Z0
cs → Dþ

s D$−, and R2

describes Z0
cs → D$þ

s D−, M equals RMðK0
SÞ, m0 is the

mass of the Z0
cs, and Γ0 is the total width of the Z0

cs. The
momentum of the K0

S in the initial eþe− system is q,
the momentum of the Dþ

s ðD−Þ in the rest frame of the
Dþ

s D$−ðD$þ
s D−Þ system is p1ð2Þ, and the corresponding

momentum at M ¼ m0 is p$
1ð2Þ. In the fit, under the

assumption of the isospin symmetry, a Gaussian constraint
is imposed to restrict the width of the Z0

cs within the
uncertainty of the Zcsð3985Þþ width, which is ð13.8þ8.1

−5.2 (
4.9Þ MeV [21]. The factor f denotes the ratio of the two
signal channels:

f ¼ BðZ0
cs → Dþ

s D$−Þ
BðZ0

cs → Dþ
s D$−Þ þ BðZ0

cs → D$þ
s D−Þ

: ð1Þ

TABLE II. Number of combinatorial background candidates in
the signal regions of the K0

SD
þ
s D$− and K0

SD
$þ
s D− three-body

processes.

ffiffiffi
s

p
(MeV) Dþ

s -tag D−-tag

4628 40.6( 3.4 132.1( 6.1
4641 49.8( 3.7 169.1( 6.8
4661 57.5( 4.0 184.3( 6.9
4682 199.0( 7.3 668.8( 12.9
4699 68.6( 4.2 217.5( 7.4
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FIG. 2. Simultaneous fit to the recoil-mass RMðK0
SÞ spectra in

all datasets [(a)–(e)], and for all the data points combined (f). The
green dashed curves show the Z0

cs signal contribution. The pink
dash-dotted curves show the nonresonant process. The blue
dotted curves show combinatorial backgrounds. The black long
dash-dotted curves show contributions from the highly excited
D$$

ðsÞ backgrounds.
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112003-6

e+e− → KS(D−
s D*+ + D*−

s D+)

  Evidence for the neutral  has also been found.⟹ Zcs(3985)



Use  data at  between 4 and 5 GeV to study…

Y Physics  = unexpected features (states?) in exclusive  cross sections ( )
New Results ( 2022):  

 [PRD 106, 072001 (2022)];  [CPC 46, 111002 (2022)];  [PRD 107, 092005 (2023)];
 and  [JHEP 05, 155 (2022)];  [PRL 130, 121901 (2023)];  [PRD 106, 052012 (2022)];
 [arXiv:2305.10789];   [PRL 129, 102003 (2022)];  [JHEP 02, 171 (2023)];   [JHEP 01, 132 (2023)]

Questions:  
How many and where are the poles (resonances) in the scattering matrix?

Future/Ongoing Work:  
Perform a global K-matrix fit to many channels.

X(3872) Physics  = well-known candidate for a  molecular state
New Results ( 2022):  

 [PRL 130, 151904 (2023)];   [PRD 107, 032007 (2023)];   [PRD 105, 072009 (2022)]

Questions:  
What is the ?  Can we use it to further study the properties of hadronic molecules?

Future/Ongoing Work:  
Study the line shape in  and look for new decays and production mechanisms.

 Physics and  Physics  = peaks with  seen near , , and  thresholds 
New Results ( 2022):  

 [PRL 129, 112003 (2022)];   [CPC 47, 033001 (2023)]

Questions:  
Are the  and  peaks evidence for further hadronic molecules or kinematic thresholds or something else?

Future/Ongoing Work:  
Study the line shapes in more detail with input from theory.
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≥

π+π−J/ψ K+K−J/ψ KSKSJ/ψ
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CPC 47, 033001 (2023)

Search for the  in Z′￼cs e+e− → K+(D*−
s D*0)

  There is no evidence yet for a  near  threshold.⟹ Z′￼cs D*s D*

(2.102,2.122) GeV/c2 D∗−s

RM(K+)

Z′−cs

be in the interval   to isolate the 
signals.  The  double-counting  rate  between these  two tag
methods is  negligible  after  applying  all  the  above   selec-
tion criteria. The resulting   spectra for the surviv-
ing  events  at  various  energy  points,  as  shown  in Fig.  3,
are then probed for  contributions from the   state. Es-
timated background processes are also overlaid in Fig. 3.

D−s (D0)
K−

D−s D̄∗0 K+

D−s D̄∗0

D−s D0

(1.90,1.94)‖(1.99,2.05) GeV/c2 D−s
(1.80,1.83)‖(1.90,1.92) GeV/

c2 D0

The combinatorial  background shape is derived from
the kernel estimation [50] of a mixed background sample
formed from wrong-sign (WS) combinations and 
mass sideband events. The WS sample consists of   and

( ) combinations, rather than the right-sign   and
( )  combinations  for  the  correct  signal  selection.

The  sideband  samples  for  the    and    events  are
defined  as    in  the    in-
variant-mass  spectrum,  and 
  in  the    invariant-mass  spectrum,  as  depicted  in

D−s (D0)

RM(K+D−s )(RM(K+D∗0))

RM(K+D−s )
e+e− → K+D−s D∗0 K+D∗−s D0

Fig. 1. When forming the mixed background sample, we
scale  the  contribution  of  the    mass  sideband
events to  equal  that  of  the  WS  combinations.  The  num-
ber of  background  events  within  the  signal  region  is   es-
timated by a fit  to the   spectrum
of the sideband events with the shape extracted from the
mixed sample, as described in Ref. [11]. In the fit  to the

  spectrum,  two  additional  contributions  from
the  processes    and    are  taken
into account, whose shapes are derived from MC simula-
tions.  Table  1  lists the  numbers  of  combinatorial   back-
ground events  in Fig.  3  for the  two tag methods  at  vari-
ous energy points.

RM(K+)
D∗∗(s) i.e. e+e− →

D∗−s D∗∗+s (→ D∗0K+) D∗0D∗∗0(→ D∗−s K+)

Studies are  performed with  MC simulation to  under-
stand  the  potential  contributions  to  the    spectra
from  the  excited  charmed  mesons  ,  , 

  or  ,  which  have

K+ D∗0 D−s
√

s = 4.661,4.682
4.699 GeV Z′−cs

e+e− →
D∗−s Ds1(2536)+

Fig. 3.    (color online) The spectra of   recoil mass from  - and  -tag methods after all selection criteria at   and
. The simultaneous fit  results are overlaid, where the red dashed lines are   signals,  the blue dashed-dotted lines are NR

processes,  the  green  dashed-dotted  lines  are  combinatorial  background,  the  purple  dashed  lines  represent  the  process 
 and the black solid lines are the sum of all components.
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Use  data at  between 4 and 5 GeV to study…

Y Physics  = unexpected features (states?) in exclusive  cross sections ( )
New Results ( 2022):  

 [PRD 106, 072001 (2022)];  [CPC 46, 111002 (2022)];  [PRD 107, 092005 (2023)];
 and  [JHEP 05, 155 (2022)];  [PRL 130, 121901 (2023)];  [PRD 106, 052012 (2022)];
 [arXiv:2305.10789];   [PRL 129, 102003 (2022)];  [JHEP 02, 171 (2023)];   [JHEP 01, 132 (2023)]

Questions:  
How many and where are the poles (resonances) in the scattering matrix?

Future/Ongoing Work:  
Perform a global K-matrix fit to many channels.

X(3872) Physics  = well-known candidate for a  molecular state
New Results ( 2022):  

 [PRL 130, 151904 (2023)];   [PRD 107, 032007 (2023)];   [PRD 105, 072009 (2022)]

Questions:  
What is the ?  Can we use it to further study the properties of hadronic molecules?

Future/Ongoing Work:  
Study the line shape in  and look for new decays and production mechanisms.

 Physics and  Physics  = peaks with  seen near , , and  thresholds 
New Results ( 2022):  

 [PRL 129, 112003 (2022)];   [CPC 47, 033001 (2023)]

Questions:  
Are the  and  peaks evidence for further hadronic molecules or kinematic thresholds or something else?

Future/Ongoing Work:  
Study the line shapes in more detail with input from theory.
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≥

e+e− → KSZ0
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Use  data at  between 4 and 5 GeV to study…

Y Physics  = unexpected features (states?) in exclusive  cross sections ( )
New Results ( 2022):  

 [PRD 106, 072001 (2022)];  [CPC 46, 111002 (2022)];  [PRD 107, 092005 (2023)];
 and  [JHEP 05, 155 (2022)];  [PRL 130, 121901 (2023)];  [PRD 106, 052012 (2022)];
 [arXiv:2305.10789];   [PRL 129, 102003 (2022)];  [JHEP 02, 171 (2023)];   [JHEP 01, 132 (2023)]

Questions:  
How many and where are the poles (resonances) in the scattering matrix?

Future/Ongoing Work:  
Perform a global K-matrix fit to many channels.

X(3872) Physics  = well-known candidate for a  molecular state
New Results ( 2022):  

 [PRL 130, 151904 (2023)];   [PRD 107, 032007 (2023)];   [PRD 105, 072009 (2022)]

Questions:  
What is the ?  Can we use it to further study the properties of hadronic molecules?

Future/Ongoing Work:  
Study the line shape in  and look for new decays and production mechanisms.

 Physics and  Physics  = peaks with  seen near , , and  thresholds 
New Results ( 2022):  

 [PRL 129, 112003 (2022)];   [CPC 47, 033001 (2023)]

Questions:  
Are the  and  peaks evidence for further hadronic molecules or kinematic thresholds or something else?

Future/Ongoing Work:  
Study the line shapes in more detail with input from theory.
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≥
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≥
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JPAC analysis of the  in  and Zc(3900) π±,0J/ψ (D*D̄ + c . c.)±,0
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Fig. 3. Result of the fit for the scenario III (Flatté K -matrix, without triangle singularity). The gray line and the yellow band show the fit result with the relative 1σ error. 
(a) J/ψπ projection of the Y (4260) → J/ψππ reaction at ECM = 4.26 GeV. Green (blue) points are the J/ψπ+ ( J/ψπ−) data [23]; red points are the J/ψπ0 data [29], 
rescaled as described in the text. As expected, the fit does not reproduce the peaking structure at 3.45 GeV, which is the reflection of the peak at the right, and would require 
to take spins properly into account. (b) J/ψπ0 projection of the Y (4260) → J/ψπ0π0 at ECM = 4.23 GeV [29], rescaled as described in the text. (c) ππ projection of the 
Y (4260) → J/ψππ at ECM = 4.26 GeV [23]; the points at mππ > 1 GeV are not described by the simple two resonances model, and are excluded from the fit. (d) D̄ D∗

projection of the Y (4260) → D̄ D∗π reaction at ECM = 4.26 GeV. Green (blue) points are the D− D∗0 (D0 D∗−) data [26]; red (purple) points are the D̄0 D∗0 (D+ D∗−) 
data [28], rescaled and background-subtracted as explained in the text. (e) same as (d), but for ECM = 4.23 GeV. The errors shown are statistical only. (For interpretation of 
the references to color in this figure, the reader is referred to the web version of this article.)

Fig. 4. Result of the fit for the scenario III + tr. (Flatté K -matrix, with triangle singularity). The plot legend and the comments on the fit are given in the caption of Fig. 3. 
(For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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Fig. 4. Result of the fit for the scenario III + tr. (Flatté K -matrix, with triangle singularity). The plot legend and the comments on the fit are given in the caption of Fig. 3. 
(For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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Use  data at  between 4 and 5 GeV to study…

Y Physics  = unexpected features (states?) in exclusive  cross sections ( )
New Results ( 2022):  

 [PRD 106, 072001 (2022)];  [CPC 46, 111002 (2022)];  [PRD 107, 092005 (2023)];
 and  [JHEP 05, 155 (2022)];  [PRL 130, 121901 (2023)];  [PRD 106, 052012 (2022)];
 [arXiv:2305.10789];   [PRL 129, 102003 (2022)];  [JHEP 02, 171 (2023)];   [JHEP 01, 132 (2023)]

Questions:  
How many and where are the poles (resonances) in the scattering matrix?

Future/Ongoing Work:  
Perform a global K-matrix fit to many channels.

X(3872) Physics  = well-known candidate for a  molecular state
New Results ( 2022):  

 [PRL 130, 151904 (2023)];   [PRD 107, 032007 (2023)];   [PRD 105, 072009 (2022)]

Questions:  
What is the ?  Can we use it to further study the properties of hadronic molecules?

Future/Ongoing Work:  
Study the line shape in  and look for new decays and production mechanisms.
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 [PRL 129, 112003 (2022)];   [CPC 47, 033001 (2023)]
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Are the  and  peaks evidence for further hadronic molecules or kinematic thresholds or something else?
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Study the line shapes in more detail with input from theory.
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model for the
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Fig. 5. Result of the fit for the scenario IV + tr. (constant K -matrix, with triangle singularity). The plot legend and the comments on the fit are given in the caption of Fig. 3. 
(For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

Fig. 6. Result of the fit for the scenario tr. (triangle singularity only). The plot legend and the comments on the fit are given in the caption of Fig. 3. (For interpretation of the 
references to color in this figure, the reader is referred to the web version of this article.)  The theoretical framework to describe the  exists.
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Fig. 5. Result of the fit for the scenario IV + tr. (constant K -matrix, with triangle singularity). The plot legend and the comments on the fit are given in the caption of Fig. 3. 
(For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

Fig. 6. Result of the fit for the scenario tr. (triangle singularity only). The plot legend and the comments on the fit are given in the caption of Fig. 3. (For interpretation of the 
references to color in this figure, the reader is referred to the web version of this article.)
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Summary and Outlook
• BESIII is taking data since 2008

• broad physics reach
o light hadron spectroscopy & decays
o open charm physics
o (exotic) charmonia
o precision measurements (M, TFF, …)
o …

• several new data sets currently being analyzed
o first exciting results from new ?/5 and %&' data
o many analyses in progress, plenty of results to come

• data taking is ongoing
o new: 2.7 ⋅ 10a 5 2: , soon: 20 fb"b at the 5(3770)

BESIII White paper: arXiv:1912.05983
Chin. Phys. C 44, 040001 (2020)

Ø first data at higher c.m. energies
4.7 GeV < ' < 4.94 GeV is available

Ø further upgrade in energy (5.6 GeV) 
and luminosity (BEPCII-U) coming

arXiv:1912.05983

  BEPCII-U will extend the lifetime of BESIII into the foreseeable future.⟹

BEPCII-U Upgrade

(1) 3× luminosity

for Ecm above 4 GeV


(2) maximum energy

increase from  
5.0 to 5.6 GeV
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• BESIII remains a very active experiment in XYZ physics with 14 publications 
in the field since 2022. 

• Meaningful progress can still be made with current data sets:  for example, 
a global K-matrix fit to sort out the Y states and lineshape studies of the  and X.

• The BEPCII-U upgrade will provide larger data samples, which are essential 
for improved sensitivities to XYZ decay modes and lineshapes.

• Data above 5 GeV may still hold surprises for the XYZ. 

• Stay tuned for continuing contributions from BESIII!

≥

Zc

SUMMARY


