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Exotic Charmonium Spectroscopy
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• Exotic searches


• states with exotic quantum numbers


• states with internal exotic structure


• Heavy-quark exotics cleaner than light-quark sector


• Important interplay with advancements in theory 
(non-relativistic EFT and LQCD)


• Naming scheme used in this presentation


• Y —>   states


• Z —> charged states


• X —> all the remaining states
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Charmonium-like states
• several unexpected states observed

PRL 91, 262001 (2003) PRL 110 (2013) 252001
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• their nature is still unclear
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Exotic Charmonium Spectroscopy @
Experimental environment
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• At BEPCII Electron-Positron collider


• 


•

ECM = 2 − 4.95 GeV

ℒpeak = 1.0 × 1033 cm−2s−1

NIM A614, 345-399 (2010)

Physics data taking ongoing since 2009
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• their nature is still unclear

Exotics directly produced in 
 annihilation and 

accessible through hadronic 
and radiative transitions 

e+e−
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Exotic Charmonium Spectroscopy @
Experimental environment
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RPC Muon Counter

in the iron yoke

SC 1-Tesla

solenoid

CsI(Tl)  EM calorimeter

σE /E = 2.5 % / E

Barrel TOF

σT = 90 ps

Endcap TOF

σT = 70 ps

40-layer MDC

σp/p(1 GeV/c) = 0.5 %

NIM A614, 345-399 (2010)

• At BEPCII Electron-Positron collider


• 


•

ECM = 2 − 4.95 GeV

ℒpeak = 1.0 × 1033 cm−2s−1

Physics data taking ongoing since 2009
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Exotic Charmonium Spectroscopy @
Datasets and physics potential
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• Center-of-mass energy spanning the -charm sector


• Region below 2 GeV directly accessible (via ISR) 


• World’s largest sample of


•  —> 10 billions


•  —> 3 billions


•  —>2.9 fb-1  (20 fb-1 with next data taking)


• About 22 fb-1 of data for Exotic Charmonium Spectroscopy


• 46 XYZ data samples  ~21.9 fb-1


• 29 with  > 0.4 fb-1


• Used also a smaller R scan sample


• 104 energy points,  ~ 0.8 fb-1


• Machine upgrade to unlock more data and energies

τ

J/ψ

ψ(2S)

ψ(3770)

ℒi

ℒi

ℒi

Stefano Spataro: R
ecent XYZ  R

esults at BESIII –
XLI International C

onference on H
igh Energy Physics (IC

H
EP22) -9 July 2022 -Bologna, Italy
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Vectorial exotics
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Prog. Theor. Exp. Phys. 2020, 083C01 (2020) and 2021 update

> = ) *!*"→ ,-.(/01
) *!*"→2!2"

#(4040)
#(4160) #(4415)

#(3770)

o 4 conventional @ ̅@-states above JKJ threshold: % 3770 , % 4040 , %(4160) and %(4415)
o almost all information on them is from inclusive M*M' → ℎPQGRS?

Vector states

121
1∗21∗

1#∗1#
1#∗1#∗

The Y states
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• Y(4260) first such-a-state discovered by BaBar


• Inconsistent with all  quark model states


• Very suppressed open charm decays


• Decays into other exotics


• Cross section for different processes studied at BESIII

1−−

PRD 104 (2021) 5, 052012

Directly produced 
in  annihilatione+e−

PRL95 (2005) 142001
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Study of e+e− → K+K−J/ψ
Investigating the strange content inside Y(4230)
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• First observation of Y(4230) in 


• Structure around 4.5 GeV observed for first time!


• New structure compatible with: 


• 5S/4D mixing


•  hadronic molecule


• lattice  structure


•  paper in preparation

K+K−J/ψ

DsDs1

ccss

K0
s K0

s J/ψ

ArXiv: 2204.07800

MY(4230) = 4225.3 ± 2.3 ± 21.5 MeV/c2

ΓY(4230) = 72.9 ± 6.1 ± 30.8 MeV

MY(4500) = 4487.7 ± 13.3 ± 24.1 MeV/c2

ΓY(4500) = 111.1 ± 30.1 ± 15.2 MeV

ℒi = 15.6 fb−1

Large range due to multiple 
solutions in π+π−J/ψ
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Update of  cross sectione+e− → π+π−J/ψ
Higher statistics, higher precision, higher energies, better fit
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• Structure around 4 GeV favors BW rather than exponential 
parametrization 


• Large fluctuation at 3.8713 GeV - X(3872) not included in the fit


• Y(4230) and Y(4320) observed with > 10σ


• Evidence ~3σ of a structure at higher energies


• ψ(4415)? A new state at 4.5 GeV?


• With the high energy state in the fit, the Y(4320) parameters change

arXiv:2206.08554v1

Total data sample: 23/fb

MY(4230) = 4221.4 ± 1.5 ± 2.0 MeV/c2 MY(4320) = 4298 ± 12 ± 26 MeV/c2

ΓY(4230) = 41.8 ± 2.9 ± 2.7 MeV ΓY(4320) = 127 ± 17 ± 10 MeV
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e+e− → π+π−ψ(2S)
Updated result up to 4.7 GeV based on 20.1/fb
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• Confirmed both Y(4220) and Y(4390) contribution


• First observation of Y(4660) at BESIII thanks to the 
center of mass upgrade! 

PRD 104 (2021) 5, 052012

that of the previous BESIII analysis [16], which was
Γtot¼ 80.1 MeV. If the width of the Yð4220Þ is fixed to
this value, the fit yields χ2=d:o:f: ¼ 54.3=21. To examine
the existence of extra resonances, fits including an addi-
tional resonance with fixed mass and width taken from the
PDG [26], e.g., ψð4160Þ and ψð4415Þ, or floating mass and
width are performed. However, none of the extra reso-
nances are observed with a significance larger than 3σ.
The systematic uncertainties for the resonant parameters

in the cross section fit are discussed below. The uncertainty
of the c.m. energy is 0.8 MeV, which is obtained from a
measurement of dimuon events [38]. To estimate its effects
on the cross section fit, the uncertainty of the c.m. energy is
included in the construction of the χ2, and the fit is
repeated. The resulting changes with respect to the nominal
values are taken as the systematic uncertainties. The c.m.
energy spread of BEPCII is 1.6 MeV, which is determined
by the Beam Energy Measurement System [39]. Thus, the
fit is repeated by convolving a Gaussian function with a
width of 1.6 MeV to the PDF of the resonant structures, and
the resulting differences are taken as the systematic
uncertainties. The uncertainties associated with the PDF
modeling are considered to be the differences of the results
between the alternative fit with

ffiffiffiffiffiffiffiffi
σNY

p
in Eq. (7) for con-

tinuous components and the nominal fit. Table V summa-
rizes the systematic uncertainties for the mass and total
width of the resonances Yð4220Þ, Yð4390Þ and Yð4660Þ,
where the total uncertainties are the quadratic sums of the
individual values.

VI. SUMMARY

Using data with an integrated luminosity of 20.1 fb−1
collected by the BESIII detector operating at the BEPCII
collider, the cross section of the process eþe− →
πþπ−ψð3686Þ is measured at c.m. energies between
4.0076 and 4.6984 GeV. The fit results confirm the
existence of the Yð4220Þ, Yð4390Þ and Yð4660Þ as well

as the contribution of a continuous component. The nomi-
nal fit yields a χ2=d:o:f: ¼ 31.0=20 and the masses and
widths of the Y states are determined to be M ¼ 4234.4%
3.2% 0.2 MeV=c2, Γ ¼ 17.6% 8.1% 0.9 MeV for the
Yð4220Þ, M ¼ 4390.3% 6.0% 0.7 MeV=c2, Γ ¼ 143.3%
10.0% 0.5 MeV for the Yð4390Þ and M ¼ 4651.0%
37.8% 2.1 MeV=c2, Γ ¼ 155.4% 24.8% 0.8 MeV for the
Yð4660Þ, respectively, where the first uncertainties involve
statistical and systematic ones propagated from the cross
section measurement and the second are systematic from
the line shape fit procedure. This is a supersession of the
previous BESIII result [16] with improved precision.
A comparison of the masses and widths of the Yð4220Þ

and Yð4390Þ among different processes investigated at the
BESIII experiment is shown in Fig. 5(a), where the
parameters of the Yð4390Þ are consistent among different
decay modes within uncertainties. However, the width of
the Yð4220Þ in this analysis is smaller than results from
others [7–12] and the previous measurement [16]. The
differences of the parameters require more study from not
only experiment but also theory. The masses and widths of
the Yð4360Þ, Yð4390Þ and Yð4660Þ observed in the process
eþe− → πþπ−ψð3686Þ are compared among BESIII, Belle
[14] and BABAR [15], as shown in Fig. 5(b). The mass of
the Yð4390Þ observed by BESIII is larger than that of the
Yð4360Þ observed by Belle and BABAR, while the masses
of the Yð4660Þ are in good agreement among the three
experiments. Owing to the large scan data sets collected in
BESIII, finer structures are observed in the Yð4360Þ energy
region. From Fig. 3, the Yð4390Þ observed by BESIII can
be considered as the same resonant structure as the Yð4360Þ
observed by Belle and BABAR in the same process. The
improvement of size and energy sampling on the BESIII
data set as well as the interference of finer structures likely
account for the mass difference. These results may
be further improved in the future by additional energy
points and a better understanding of possible intermediate
decay modes.
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FIG. 5. (a) Masses versus widths of the Yð4220Þ and Yð4390Þ obtained from different processes in BESIII [7–12]. (b) Masses versus
widths of resonances observed in eþe− → πþπ−ψð3686Þ from this work and other experiments [14,15].

M. ABLIKIM et al. PHYS. REV. D 104, 052012 (2021)

052012-12

MY(4230) = 4234.4 ± 3.2 ± 0.2 MeV/c2

ΓY(4230) = 17.6 ± 8.1 ± 0.9 MeV
MY(4390) = 4390.3 ± 6.0 ± 0.7 MeV/c2

ΓY(4390) = 143.3 ± 10.0 ± 0.5 MeV
MY(4660) = 4651.0 ± 37.8 ± 2.1 MeV/c2

ΓY(4660) = 155.4 ± 24.8 ± 0.8 MeV

BESIII (this work): PRD 104 5, 052012 (2021)

BESIII (2017): PRD 96, 032004 (2017)

BaBar: PRD 89, 111103 (2014)

Belle: PRD 91, 112007 (2015)
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Study of e+e− → π+π−ψ2(3823)
First observation of vector Y states decaying to D-wave charmonium 
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arXiv:2203.05815ℒi = 11.3 fb−1

Rev. in Phys. 8 (2022) 100070 • Study the internal structure of Y states by 
measuring their coupling with D-wave 
charmonia


•  candidates reconstructed in ψ2(3823) γχc1,2

INDIANA UNIVERSITY BLOOMINGTON 18

Vector states: Hidden-charm production

arXiv:2203.05815 [hep-ex]

• A!A" → C!C"F4(JKLJ):
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allow for one missing photon

2&(3823)

2(2O)

mass and width of P* QRSQ :
@ = 3823.12 ± 0.43 ± 0.13 MeV/T&
Γ < 2.9 MeV (at 90% CL)

(one missing ?)
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FIG. 1. Result of the simultaneous fit to the M recoil(π+π−) distri-
butions for one-photon events (left) and multi-photon 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 side-
band events.

(< 1%). The mass window of the reconstructed χc1 candi-
dates is defined as 3.48 < M(γHJ/ψ) < 3.53 GeV/c2 [28].

A study of the inclusive MC samples [29] shows that
the possible remaining backgrounds mainly come from
e+e− → (η′/γω)J/ψ, with (η′/ω) → γγπ+π−/γπ+π−,
and π+π−π+π−(π0/γγ). The e+e− → (η′/γω)J/ψ
backgrounds are measured by BESIII using the same data
set [30, 31] and can be reliably simulated. The e+e− →
π+π−π+π−(π0/γγ) continuum background can be esti-
mated by data in the J/ψ mass sidebands. All these back-
ground sources are found to be small, and only produce flat
distributions in the ψ2(3823) signal region.

To achieve better sensitivity, the one-photon events (partial
reconstruction) and the multi-photon events (full reconstruc-
tion) are separated. Figure 1 shows the M recoil(π+π−) distri-
butions for data, where obvious ψ(2S) and ψ2(3823) signal
peaks are observed in both the one-photon and multi-photon

events. Here, M recoil(π+π−) =
√

(Pe+e− − Pπ+ − Pπ−)2

is the recoil mass of π+π−, where Pe+e− and Pπ± are the
4-momenta of the initial e+e− system and the reconstructed
π± candidates, respectively. For this, we use the π± momenta
without the kinematic fit correction because of the good res-
olution for low momentum pions according to MC simula-
tion studies. A simultaneous unbinned maximum likelihood
fit to the two M recoil(π+π−) distributions is performed to ex-
tract parameters of the ψ2(3823) state. In the fit, the signal
probability density function (PDF) is represented by ψ(2S)
and ψ2(3823) (with input mass of 3.823 GeV/c2 and a zero
width) MC simulated shapes, convolved with Gaussian func-
tions 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 parameterized as a
second-order polynomial.

The fit results, also shown in Fig. 1, yield M [ψ2(3823)] =
M [ψ2(3823)]input + µψ2(3823) − µψ(2S) = 3823.12 ±
0.43 MeV/c2, where M [ψ2(3823)]input is the input ψ2(3823)
mass in MC simulation; µψ2(3823) = 1.02 ± 0.43 MeV/c2

and µψ(2S) = 0.90 ± 0.22 MeV/c2 are the mass shift val-
ues for the ψ2(3823) and ψ(2S) shapes, respectively. The
ψ(2S) signal is used to calibrate the absolute mass scale.
The total number of ψ2(3823) signal events extracted from
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FIG. 2. Result of the fit to the
√
s-dependent cross sec-

tion σ[e+e− → π+π−ψ2(3823)] times the branching ratio
B[ψ2(3823) → γχc1]. Dots with error bars are data, and red solid
curve shows the fit with two coherent resonances.

the fit is 120.0 ± 13.6. The statistical significance of the
ψ2(3823) signal is estimated to be 13.4σ, by comparing the
difference between the log-likelihood value [∆(lnL) = 96.6]
with or without the ψ2(3823) signal in the fit and taking the
change of the number of degrees of freedom (∆ndf = 4)
into account. We are not able to measure the intrinsic width
of ψ2(3823) precisely because of the limited data sample
size. From a fit using a Breit-Wigner (BW) function (with
a width parameter that is left free) convolved with a double
Gaussian function as signal PDF for ψ2(3823), we determine
Γ[ψ2(3823)] = (0.9 ± 1.1) MeV and < 2.9 MeV at the 90%
C.L.

The product of the
√
s-dependent e+e− →

π+π−ψ2(3823) cross section and the branching ra-
tio of ψ2(3823) → γχc1 is calculated as σ[e+e− →
π+π−ψ2(3823)] · B[ψ2(3823) → γχc1] = Nsig

LintεB(1+δ) ,

where N sig is the number of ψ2(3823) → γχc1 signal events
obtained from a fit to the M recoil(π+π−) distribution, Lint is
the integrated luminosity, ε is the detection efficiency, B is the
branching fraction of χc1 → γJ/ψ → γ)+)−, and (1 + δ)
is the radiative correction factor, which depends on the cross
section line shape of e+e− → π+π−ψ2(3823). 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 modelling 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 (1 + δ)ε < 1% between the last
two iterations. The numerical results of the cross section
measurement are listed in the supplemental material [32].

To extract the resonance structures in σ[e+e− →
π+π−ψ2(3823)], a maximum likelihood fit to the measured
cross section distribution is performed, with two coherent BW
resonances, and the fit result is shown in Fig. 2. There are
two solutions with identical fit quality, and all the resonance
parameters from the fit are summarized in Table I. A χ2-test
to the fit quality gives χ2/ndf = 3.79/3 = 1.26 (after re-



Exotic Charmonium at BESIII

Study of e+e− → π+π−ψ2(3823)
First observation of vector Y states decaying to D-wave charmonium 
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• Study the internal structure of Y states by 
measuring their coupling with D-wave 
charmonia


•  candidates reconstructed in 


• Two resonances hypothesis favored:


• to single resonance by 2.6σ


• to only continuum by more than 5σ 


• Consistent with Y(4390) and Y(4660)


• Second largest BF of Y(4660)


• Best mass measurement of 

ψ2(3823) γχc1,2

ψ2(3823)

arXiv:2203.05815

MY(4660) = 4647.9 ± 8.6 ± 0.8 MeV/c2

ΓY(4660) = 33.1 ± 18.6 ± 4.1 MeV

MY(4390) = 4406.9 ± 17.2 ± 4.5 MeV/c2

ΓY(4390) = 128.1 ± 37.2 ± 2.3 MeV

ℒi = 11.3 fb−1

Rev. in Phys. 8 (2022) 100070 
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Study of the  lineshape π+π−D+D−
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• Study the 4-body final state to search for clues about vector 
resonance in the region 4-4.7 GeV


• 3 subprocesses accounted for: PHSP, , 


• Fit to 37 energy values


• Partial reconstruction method (one , one in recoil mass)

ππψ(3770) D1(2420)D

D → Kππ

ArXiv: 2208.00099

• Search for spin-3 partner of ψ(3770) 
and ψ(3823) in its DD decay


• Signal shape extracted using 
 MC


• Combining all dataset in 4.6-4.7 
GeV evidence of ππψ(3842) at 4.2σ 
level

e+e− → f0(500)ψ(3842)

MR1 = 4373.1 ± 4.0 ± 2.2 MeV/c2

ΓR1 = 146.5 ± 7.4 ± 1.3 MeV

MR2 = 4706 ± 11 ± 4 MeV/c2

ΓR2 = 45 ± 28 ± 9 MeV

ℒi = 17.4 fb−1
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Y decays to open Charm
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• Conventional charmonium states 
above threshold match well quark 
potential model


• Main decays in open charm mesons


• Charmonium-like states (Y) disagree 
with quark model


• Main decay in hidden-charm 
mesons


• Open charm cross section 
measurements essential to fully 
understand XYZ states

Stefano Spataro: R
ecent XYZ  R
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onference on H
igh Energy Physics (IC
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11

O
pen charm

 production

Ø
C

onventionalstates
above

threshold
m

atch
w

ellquark
potentialm

odel
ü

m
ain

decays
in

open
charm

m
esons

Ø
C

harm
onium

-like
states

(Y)disagree
w

ith
quark

m
odel

ü
m

ain
decay

in
hidden-charm

m
esonsO

pen charm
 cross section

m
easurem

ents
essentialto fully

understand
XYZ states

Im
portantinput for coupled-channelanalysis

Rev. in Phys. 8 (2022) 100070

Rev. in Phys. 8 (2022) 100070



Exotic Charmonium at BESIII

e+e− → D*D(*)
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• Good agreement with existing measurements


• Confi

• Results can provide information to improve modelization of the cross 
section between 4.2 and 4.3 GeV (e.g. Eur. Phys. J. C 81 (2021) 83)


• With the new and more precise data, a simultaneous fi
ff


JHEP 2022, 155 (2022)

D*+ candidates at 4.416 GeV

15.7 fb-1 collected between 4.085 and 4.6 GeV

• Reconstructed 
 with 



•  inferred kinematically

D*+ → π+D0

D0 → K−π+

D(*)−

INDIANA UNIVERSITY BLOOMINGTON 12

Vector states: Open-charm production

JHEP 05 (2022) 155 

• measurement of M*M' → J∗*J' and J∗*J∗'

• reconstruct J∗* → J"T* → U'T*T*, identify missing J ∗ '

@∗!@"

@∗!@∗"

, ∗ "

,∗# ,$

-#

-#

."
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e+e− → D*D(*)
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• Good agreement with existing measurements


• Confirmed structure around 4.39 GeV in D*D*


• Results can provide information to improve modelization of the cross 
section between 4.2 and 4.3 GeV (e.g. Eur. Phys. J. C 81 (2021) 83)


• With the new and more precise data, a simultaneous fit of combined 
measurements allows to test different hypotheses for the Y(4230) and 
for the other charmonium(-like) states

JHEP 2022, 155 (2022)

D*+ candidates at 4.416 GeV

15.7 fb-1 collected between 4.085 and 4.6 GeV

• Reconstructed 
 with 



•  inferred kinematically

D*+ → π+D0

D0 → K−π+

D(*)−



Charged exotics
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Charged charmonium-like states
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• Produced in  collisions and in B decays 


• Decays typically in hadron + charmonium


• Intrinsic nature unclear - exotic states? kinematic effects?


• Correlated to Y states?

e+e−

INDIANA UNIVERSITY BLOOMINGTON 21

Charged charmonium-like states

PRL 110 (2013) 252001< PRL 111 (2013) 242001

• openly exotic with V ≠ 0 (X ≠ 0)

• nature still unclear (tetraquark, molecule, …)

• if genuine resonance, minimal quark content of @ ̅@XYX

• intriguing connection to %(4230)

<±M/0

<±ℎ6
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 @ BESIIIZcs(3985)±

Search for “strange” partner of the Zc(3900)

19

• Discovered by studying the  recoil mass in 


• Significance: 5.3σ


• Minimal quark content ?


• Similar to  seen by LHCb (widths differ)

K+ e+e− → K+(D−
s D*0 + D*−

s D0)

ccsd

Zcs(4000)

PRL 126, 102001 (2021)

  PRL127, 082001 (2021)
Coupling with Y state?

ℒi = 3.7 fb−1

INDIANA UNIVERSITY BLOOMINGTON 22

Charged charmonium-like states

.#

J'(" ,("

,∗$

/#

/" .#

J'(" ,(∗"

,$

/#

/" ,("

L/-$

partial reconstruction method: @$, 1#%

PRL 126 (2021) 10, 102001

;
• search for an open-strange @ ̅@?YX partner ;%)
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 @ BESIIIZcs(3985)0

Neutral partner of  useful to assess their nature Zcs(3985)±
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• Studied with partial reconstruction method in  recoil mass


• Evidence at 4.6σ level. Compatible with isospin predictions 


• Minimal quark content ?


• Mass and width consistent with charged  → isospin 
partner 


•   NPB 968, 115450 (2021): 

Ks

ccsd

Zcs

M(Z+
cs) < M(Z0

cs)

arXiv:2204.13703 

e+e− → K0
s (D−

s D*+ + D*−
s D+)

ℒi = 3.8 fb−1



The X(3872)
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Almost twenty years of X(3872)
The best studied exotic state
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• Produced in B decays, in hadron collisions, in 


• Very close do the  threshold:  


• Very narrow:    


• Large isospin breaking 


•  


• Charged partner not found (yet) – iso-singlet state?


• Favorite interpretation: molecule mixed with charmonium, but other options are not ruled out

e+e− → Y(4230) → γX(3872)

D0D*0 MX(3872) − MD0D*0 = 0.01 ± 0.14 MeV

ΓX(3872) = 0.96+0.19
−0.18 ± 0.21 MeV

B(X → ρJ/ψ) ≃ B(X → ωJ/ψ)

JPC = 1++
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Search for  and X(3872) → π0χc0 X(3872) → ππχc0

23

• To understand the nature of X(3872), verify 
prediction to test the charmonium-ness of the state


•  reconstructed in 5 hadronic channels


  

χc0

PRD 105 (2022) 7, 072009

INDIANA UNIVERSITY BLOOMINGTON

• no signal found, limits 
currently not conclusive

• larger datasets in the future 
(upgrade to BEPCII)
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Search for $#$ &'() → +%$#%

PRD 105 (2022) 072009

L

M'%(3872)

-$

/#

/"

M'$

ℒi = 9.9 fb−1

     X(3872)
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Search for  and X(3872) → π0χc0 X(3872) → ππχc0
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• To understand the nature of X(3872), verify 
prediction to test the charmonium-ness of the state


•  reconstructed in 5 hadronic channels


• No significant results —> Upper Limits

χc0

Upper limits (90% C.L.) still not conclusive. 

New statistics will be collected with BEPCII-U

to be the intrinsic width of the χc0 resonance from the PDG
[11], which is 10.8 MeV. As a variation, we widen the
intrinsic width of the χc0 by its PDG uncertainty of
0.6 MeV, and we also widen the width of the Gaussian
function by 20%. Avariation of 20% was chosen because a
previous analysis of the process eþe− → γηc at BESIII
included a study comparing hadronic final states in MC
simulation and data, and it found the resolutions can differ
by up to 20% [33]. We take the percent difference in the
number of events from the two fits as the systematic
uncertainty. These vary from 1.9% to 6.0%.

D. ECM dependence on the efficiency ratio

The ratio of branching fractions depends on the ratio of
efficiencies ϵðXð3872Þ→π0χc0Þ

ϵðXð3872Þ→πþπ−J=ψÞ. To combine the efficiency
ratio measurements at different energies, we perform a
weighted average, where the weights are the luminosity
times cross section for that energy. The default cross
section we use is the eþe− → γXð3872Þ cross section
measured in Ref. [10]. To probe the systematic uncertainty
due to the ECM dependence of the efficiency ratio, we also
use the cross sections for the process eþe− → πþπ−J=ψ
measured in Ref. [34], and one based on the ψð4160Þ,
which is modeled as a Breit-Wigner function with param-
eters taken from the PDG [11]. We take the largest
deviation from the nominal ratio of efficiencies as the
systematic uncertainty. This systematic uncertainty varies
from 1.6% to 3.1%.

E. Input branching fractions

The branching fractions of the χc0 decays are used to
constrain the relative sizes of the simultaneous fit compo-
nents. The branching fractions for the decays χc0 → πþπ−,
χc0 → KþK−, χc0 → πþπ−πþπ−, and χc0 → πþπ−KþK−

are included in a constrained fit done by the PDG that
included 248 results from previous papers, so the correlated
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FIG. 6. Fit results to the π0π0χc0 mass spectrum. The points are data in the signal region, the light gray histogram is χc0 sidebands in
data, and the dark gray histogram is the peaking χc0 background estimated from MC simulated with eþe− → π0π0ψð2SÞ, with
ψð2SÞ → γχc0. The black histogram is from Xð3872Þ background MC simulations. The solid lines show the fit with a signal component,
while the dashed lines are the background functions. There is no evidence of a signal for the Xð3872Þ state.

TABLE VII. Efficiencies, scaling factors, and signal yields for
each decay mode of the χc0 for Xð3872Þ → π0π0χc0. The
uncertainties on the yields are statistical only. The scaling factors
show the relative contribution of each component of the simulta-
neous fit.

Decay Efficiency Scale (wi) Signal yield

χc0 → πþπ− 11.2% 0.000637 −0.8$ 1.3
χc0 → KþK− 6.48% 0.000392 −0.49$ 0.79
χc0 → πþπ−πþπ− 5.66% 0.00132 −1.6$ 2.7
χc0 → πþπ−KþK− 4.78% 0.000865 −1.1$ 1.7
χc0 → πþπ−π0π0 2.31% 0.000744 −0.9$ 1.5

M. ABLIKIM et al. PHYS. REV. D 105, 072009 (2022)
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B. Signal MC models

The nominal signal MC simulation includes the decays
of the χc0 into final states both by uniform distributions in
phase space and through the most common intermediate
states. To test how sensitive the kinematics are to the
intermediate states, we generate new signal MC samples in
which the χc0 only decays through the most common
intermediate states. The angular distribution of the photon
in eþe− → γXð3872Þ is modified from the nominal E1
transition to a uniform distribution in phase space. We also
modify the angular distribution of the decay Xð3872Þ →
π0χc0 from a P-wave transition to a uniform distribution

in phase space. There is no variation for the decays
Xð3872Þ → ππχc0, since they are generated with a uniform
distribution in phase space in the nominal signal MC
simulation, which results in Xð3872Þ → π0χc0 having a
larger systematic uncertainty.
These modifications are done for both the search and

normalization channels, so we compare the ratio of effi-
ciencies for the nominal MC and for these variations, and
take the percent difference as a systematic uncertainty.
Normalizing the results to Xð3872Þ → πþπ−J=ψ , the
systematic uncertainties range from 8.0% to 11.0%
for Xð3872Þ → π0χc0 and from 0.3% to 3.7% for
Xð3872Þ → ππχc0. When normalizing Xð3872Þ → π0χc0
to Xð3872Þ → π0χc1, the uncertainty in the simulated
model of the denominator must also be taken into account.
To account for this, we include the uncertainty of 8.1%
from Ref. [9], which is added in quadrature with the total
from Xð3872Þ → π0χc0.

C. χ c0 mass window

We select a 50 MeV=c2 window centered on the χc0
mass when we perform our fits. To test the systematic
uncertainty related to this selection, we fit the χc0 distri-
bution in signal MC simulation using a Voigtian function.
For the initial fit, we fix the intrinsic width of the Voigtian
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FIG. 5. Fit results to the πþπ−χc0 mass spectrum. The points are data in the signal region, the light gray histogram is χc0 sidebands in
data, and the dark gray histogram is the peaking χc0 background estimated from MC simulated with eþe− → πþπ−ψð2SÞ with
ψð2SÞ → γχc0. The black histogram is from Xð3872Þ background MC simulations. The solid lines show the fit with a signal component,
while the dashed lines are the background functions. There is no evidence of a signal for the Xð3872Þ state.

TABLE VI. Efficiencies, scaling factors, and signal yields for
each decay mode of the χc0 for Xð3872Þ → πþπ−χc0. The scaling
factors show the relative contribution of each component of the
simultaneous fit. The uncertainties on the yields are statistical
only.

Decay Efficiency Scale (wi) Signal yield

χc0 → πþπ− 27.7% 0.00157 −0.59$ 0.88
χc0 → KþK− 24.9% 0.00150 −0.57$ 0.85
χc0 → πþπ−πþπ− 21.0% 0.00492 −1.9$ 2.8
χc0 → πþπ−KþK− 17.3% 0.00313 −1.2$ 1.8
χc0 → πþπ−π0π0 8.82% 0.00284 −1.1$ 1.6

SEARCH FOR Xð3872Þ → π0χC0 AND … PHYS. REV. D 105, 072009 (2022)
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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
order polynomial function to describe the background (dashed
line) and a Voigtian as a signal function (solid line). There is a
clear signal for the Xð3872Þ state.
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FIG. 3. Simultaneous fit to the π0χc0 mass spectrum for 4.15 < ECM < 4.3 GeV. The points are data in the signal region, the light gray
histogram is the background estimate from χc0 sidebands in data, and the dark gray histogram is the peaking χc0 background estimated
from MC simulated with eþe− → ωχc0. The total background shape is the sum of the eþe− → ωχc0 MC shape plus a first order
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ℒi = 9.9 fb−1
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Outlook
Other results not shown
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• Many other great results have been recently published


• e.g. exotics’ decay to light hadrons and baryons


• Connections between exotic states are also investigated at BESIII


• 


• 


•

e+e− → γX(3872); X(3872) → π+π−Jψ

e+e− → π0Zc(3900)0 → π0π0J/ψ

e+e− → π0Zc; Zc → γX(3872)

PRD 104, 112009 (2021)

PRD 104, L091104 (2021)

PRL 122, 232002 (2019)

PRD 104, 012001 (2021)

PHYS. REV. D 102, 012009 (2020)
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Summary
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• Exciting results from new  data are presented


• Studies of  continue thanks to the  process 


• Mapping out fine structures of Y states


•  triplet

XYZ

X(3872) e+e− → Y(4230) → γX(3872)

Zcs(3985)

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

• Data with unprecedented statistical accuracy from 
BESIII provides great opportunities to study QCD 
exotics. Will continue to run until ~2030 


• Further upgrade in energy (5.6 GeV) and 
luminosity (BEPCII-U) coming 



Thanks for your attention!
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 direct productionχc1(1P)
First observation (5σ) of  direct production at  colliderχc1(1P) e+e−

29

• Study of  to extract interference 
pattern


• Electronic width same order of magnitude with 
theoretical calculation

e+e− → γJ/ψ

ArXiv: 2203.13782

• Similar approach for X(3872).  
Paper in preparation!
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FIG. 3. The 68.3% C.L. contour of Γee and φ on a distribu-
tion of log-likelihood (− lnL) values. The black open circles
are the parameter points with which MC samples are pro-
duced. The red point (0.12 eV, 205.0◦) represents the point
where the likelihood value is maximum. The distribution of
− lnL in a larger parameter space region is shown in the sup-
plemental material [20].

The systematic uncertainty on the measurement of the
integrated luminosity is 0.6% for each data sample. We
take 0.5% as the uncertainty for muon reconstruction,
which is assumed to be the same as for electron recon-
struction. The uncertainty in photon reconstruction is
estimated to be 0.2%, obtained using control samples of
the e+e− → γµ+µ− process. The systematic uncertain-
ties from the integrated luminosity measurement and de-
tection efficiency are considered simultaneously by chang-
ing the normalization factor used in the scan fit by 1.0%.
The uncertainty from the selection applied on the polar
angle of the photon is studied by tightening the require-
ment on | cos θγ | from 0.8 to 0.79, 0.78, 0.77, and 0.76, the
largest deviation with respect to the default one is taken
as the systematic uncertainty. Systematic uncertainties
from other selection criteria are negligible.

The uncertainties from the binning strategy and the
fit procedure are studied using toy MC samples, no bias
is found. The uncertainty from the beam energy spread
is considered by changing it from 736 to 1000 keV, the
change is much larger than its standard deviation mea-
sured by BEMS (27 keV). The fit range of the Mµ+µ− dis-
tribution is varied and the difference between the nominal
result is considered as the systematic uncertainty. The
uncertainty from the two-dimensional correction factor is
estimated by replacing the nominal one extracted from
the

√
s = 3.773 GeV data sample with that from the√

s = 4.178 GeV data sample. In addition, the square
root of the correction factor is applied to the interfer-
ence term based on the assumption that the discrepancy
observed at the control sample comes entirely from the
generator level. The uncertainty from this assumption

is studied by dropping the correction to the interference
term. The non-γISRµ+µ− background contribution is ne-
glected in the nominal fit, the uncertainty from it is con-
sidered by including it.
The c.m. energy is measured with the BEMS sys-

tem with an uncertainty smaller than ±0.05 MeV. We
change the

√
s in MC simulation at each energy point by

±0.05 MeV and take the changes as systematic uncer-
tainty. Assuming all the systematic uncertainties are un-
correlated and adding them in quadrature, the largest pa-
rameter ranges of Γee and φ corresponding to 68.3% C.L.
are determined to be (0.12+0.13

−0.08) eV and (205.0+15.4
−22.4)

◦,
respectively. The total systematic uncertainties are of
similar size as the statistical affects. After having esti-
mated the statistical and systematic uncertainties associ-
ated with our fit to Γee and φ, we study the dependence
of signal events by varying these input parameters within
the contour determined at 68.3% C.L., as listed in the last
column of Table I.
Systematic uncertainties for the individual fits are es-

timated using similar methods as listed above. However,
when considering the systematic uncertainties on Nsig,
the one on the requirement of | cos θγ | is excluded since
the signal yields change. One extra term comes from the
input Γee and φ values, which affect the signal line-shape
and is considered by varying the values within the 68.3%
C.L. contour.
As summarized in Table I, we list the minimum signif-

icance found both in the case of individual fits (column
“Nsig w/ Cor.”) and in the case of common fit (column
“Nsig w/ Cor. common fit”). The minimum significance
is found to be 5.1σ in the first case and 4.2σ in the second.
In summary, using data samples taken in the χc1 mass

region, we observe the direct production of the C-even
resonance, χc1, in e+e− annihilation for the first time
with a statistical significance larger than 5σ. We ob-
serve a typical interference pattern around the χc1 mass,
which previously was predicted in Ref. [13]. The elec-
tronic width of the χc1 has been determined for the first
time from a common fit to the four scan samples to be
Γee = (0.12+0.13

−0.08) eV. This observation demonstrates
that with the current generation of electron-positron
colliders, the direct production of C-even resonances
through two virtual photons is possible. Using future
super-tau-charm factories with increased luminosity [21],
the Γee and other properties such as the line-shapes of C-
even states could be determined by performing a similar
scan method. This will shed light on the intrinsic nature
of charmonium-like resonances.
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