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BESIII Detector (a standard high-energy physics experiment)
(1) Calorimeter:  photon energy and direction  
(2) Drift Chamber and Magnet:  charged particle momentum
(3) Time-of-Flight (TOF):  charged particle mass
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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. 

e+e� ! ⇡+⇡�J/ ; J/ ! µ+µ�



Exploring Charmonium with the BESIII Experiment
Ryan Mitchell

Indiana University
Grad Student Talk

April 11, 2017

Beijing, China

BESIII (Beijing Spectrometer)
at BEPCII (Beijing Electron-Positron Collider) 

at IHEP (Institute for High Energy Physics)

Precise Measurement of the eþe− → πþπ−J=ψ Cross Section
at Center-of-Mass Energies from 3.77 to 4.60 GeV

M. Ablikim,1 M. N. Achasov,9,e S. Ahmed,14 X. C. Ai,1 O. Albayrak,5 M. Albrecht,4 D. J. Ambrose,44

A. Amoroso,49a,49c F. F. An,1 Q. An,46,a J. Z. Bai,1 O. Bakina,23 R. Baldini Ferroli,20 Y. Ban,31 D. W. Bennett,19

J. V. Bennett,5 N. Berger,22 M. Bertani,20 D. Bettoni,21 J. M. Bian,43 F. Bianchi,49a,49c E. Boger,23,c I. Boyko,23

R. A. Briere,5 H. Cai,51 X. Cai,1,a O. Cakir,40 A. Calcaterra,20 G. F. Cao,1 S. A. Cetin,40 J. Chai,49 J. F. Chang,1,a

G. Chelkov,23,c,d G. Chen,1 H. S. Chen,1 J. C. Chen,1 M. L. Chen,1,a S. Chen,41 S. J. Chen,29 X. Chen,1,a

X. R. Chen,26 Y. B. Chen,1,a X. K. Chu,31 G. Cibinetto,21 H. L. Dai,1,a J. P. Dai,34 A. Dbeyssi,14 D. Dedovich,23

Z. Y. Deng,1 A. Denig,22 I. Denysenko,23 M. Destefanis,49a,49c F. De Mori,49a,49c Y. Ding,27 C. Dong,30 J. Dong,1,a

L. Y. Dong,1 M. Y. Dong,1,a Z. L. Dou,29 S. X. Du,53 P. F. Duan,1 J. Z. Fan,39 J. Fang,1,a S. S. Fang,1 X. Fang,46,a

Y. Fang,1 R. Farinelli,21a,21b L. Fava,49b,49c F. Feldbauer,22 G. Felici,20 C. Q. Feng,46,a E. Fioravanti,21 M. Fritsch,14,22

C. D. Fu,1 Q. Gao,1 X. L. Gao,46,a Y. Gao,39 Z. Gao,46,a I. Garzia,21 K. Goetzen,10 L. Gong,30 W. X. Gong,1,a

W. Gradl,22 M. Greco,49a,49c M. H. Gu,1,a Y. T. Gu,12 Y. H. Guan,1 A. Q. Guo,1 L. B. Guo,28 R. P. Guo,1 Y. Guo,1

Y. P. Guo,22 Z. Haddadi,25 A. Hafner,22 S. Han,51 X. Q. Hao,15 F. A. Harris,42 K. L. He,1 F. H. Heinsius,4 T. Held,4

Y. K. Heng,1,a T. Holtmann,4 Z. L. Hou,1 C. Hu,28 H. M. Hu,1 J. F. Hu,49a,49c T. Hu,1,a Y. Hu,1 G. S. Huang,46,a

J. S. Huang,15 X. T. Huang,33 X. Z. Huang,29 Z. L. Huang,27 T. Hussain,48 W. Ikegami Andersson,50 Q. Ji,1 Q. P. Ji,15

X. B. Ji,1 X. L. Ji,1,a L. W. Jiang,51 X. S. Jiang,1,a X. Y. Jiang,30 J. B. Jiao,33 Z. Jiao,17 D. P. Jin,1,a S. Jin,1

T. Johansson,50 A. Julin,43 N. Kalantar-Nayestanaki,25 X. L. Kang,1 X. S. Kang,30 M. Kavatsyuk,25 B. C. Ke,5

P. Kiese,22 R. Kliemt,10 B. Kloss,22 O. B. Kolcu,40b,h B. Kopf,4 M. Kornicer,42 A. Kupsc,50 W. Kühn,24 J. S. Lange,24

M. Lara,19 P. Larin,14 L. Lavezzi,49c,1 H. Leithoff,22 C. Leng,49 C. Li,50 Cheng Li,46,a D. M. Li,53 F. Li,1,a F. Y. Li,31

G. Li,1 H. B. Li,1 H. J. Li,1 J. C. Li,1 Jin Li,32 K. Li,13 K. Li,33 Lei Li,3 P. R. Li,7,41 Q. Y. Li,33 T. Li,33 W. D. Li,1

W. G. Li,1 X. L. Li,33 X. N. Li,1,a X. Q. Li,30 Y. B. Li,2 Z. B. Li,38 H. Liang,46,a Y. F. Liang,36 Y. T. Liang,24

G. R. Liao,11 D. X. Lin,14 B. Liu,34 B. J. Liu,1 C. X. Liu,1 D. Liu,46,a F. H. Liu,35 Fang Liu,1 Feng Liu,6 H. B. Liu,12

H. H. Liu,1 H. H. Liu,16 H. M. Liu,1 J. Liu,1 J. B. Liu,46,a J. P. Liu,51 J. Y. Liu,1 K. Liu,39 K. Y. Liu,27 L. D. Liu,31

P. L. Liu,1,a Q. Liu,41 S. B. Liu,46,a X. Liu,26 Y. B. Liu,30 Y. Y. Liu,30 Z. A. Liu,1,a Zhiqing Liu,22,* H. Loehner,25

X. C. Lou,1,a,g H. J. Lu,17 J. G. Lu,1,a Y. Lu,1 Y. P. Lu,1,a C. L. Luo,28 M. X. Luo,52 T. Luo,42 X. L. Luo,1,a

X. R. Lyu,41 F. C. Ma,27 H. L. Ma,1 L. L. Ma,33 M. M. Ma,1 Q. M. Ma,1 T. Ma,1 X. N. Ma,30 X. Y. Ma,1,a

Y. M. Ma,33 F. E. Maas,14 M. Maggiora,49a,49c Q. A. Malik,48 Y. J. Mao,31 Z. P. Mao,1 S. Marcello,49a,49c

J. G. Messchendorp,25 G. Mezzadri,21 J. Min,1,a T. J. Min,1 R. E. Mitchell,19 X. H. Mo,1,a Y. J. Mo,6

C. Morales Morales,14 N. Yu. Muchnoi,9,e H. Muramatsu,43 P. Musiol,4 Y. Nefedov,23 F. Nerling,10 I. B. Nikolaev,9,e

Z. Ning,1,a S. Nisar,8 S. L. Niu,1,a X. Y. Niu,1 S. L. Olsen,32 Q. Ouyang,1,a S. Pacetti,20 Y. Pan,46,a P. Patteri,20

M. Pelizaeus,4 H. P. Peng,46,a K. Peters,10,i J. Pettersson,50 J. L. Ping,28 R. G. Ping,1 R. Poling,43 V. Prasad,1

H. R. Qi,2 M. Qi,29 S. Qian,1,a C. F. Qiao,41 L. Q. Qin,33 N. Qin,51 X. S. Qin,1 Z. H. Qin,1,a J. F. Qiu,1

K. H. Rashid,48 C. F. Redmer,22 M. Ripka,22 G. Rong,1 Ch. Rosner,14 X. D. Ruan,12 A. Sarantsev,23,f M. Savrié,21

C. Schnier,4 K. Schoenning,50 W. Shan,31 M. Shao,46,a C. P. Shen,2 P. X. Shen,30 X. Y. Shen,1 H. Y. Sheng,1

W. M. Song,1 X. Y. Song,1 S. Sosio,49a,49c S. Spataro,49a,49c G. X. Sun,1 J. F. Sun,15 S. S. Sun,1 X. H. Sun,1

Y. J. Sun,46,a Y. Z. Sun,1 Z. J. Sun,1,a Z. T. Sun,19 C. J. Tang,36 X. Tang,1 I. Tapan,40 E. H. Thorndike,44

M. Tiemens,25 I. Uman,40 G. S. Varner,42 B. Wang,30 B. L. Wang,41 D. Wang,31 D. Y. Wang,31 K. Wang,1,a

L. L. Wang,1 L. S. Wang,1 M. Wang,33 P. Wang,1 P. L. Wang,1 W. Wang,1,a W. P. Wang,46,a X. F. Wang,39 Y. Wang,37

Y. D. Wang,14 Y. F. Wang,1,a Y. Q. Wang,22 Z. Wang,1,a Z. G. Wang,1,a Z. H. Wang,46,a Z. Y. Wang,1 Z. Y. Wang,1

T. Weber,22 D. H. Wei,11 P. Weidenkaff,22 S. P. Wen,1 U. Wiedner,4 M. Wolke,50 L. H. Wu,1 L. J. Wu,1 Z. Wu,1,a

L. Xia,46,a L. G. Xia,39 Y. Xia,18 D. Xiao,1 H. Xiao,47 Z. J. Xiao,28 Y. G. Xie,1,a Yuehong Xie,6 Q. L. Xiu,1,a

G. F. Xu,1 J. J. Xu,1 L. Xu,1 Q. J. Xu,13 Q. N. Xu,41 X. P. Xu,37 L. Yan,49a,49c W. B. Yan,46,a W. C. Yan,46,a

Y. H. Yan,18 H. J. Yang,34,j H. X. Yang,1 L. Yang,51 Y. X. Yang,11 M. Ye,1,a M. H. Ye,7 J. H. Yin,1 Z. Y. You,38

B. X. Yu,1,a C. X. Yu,30 J. S. Yu,26 C. Z. Yuan,1 Y. Yuan,1 A. Yuncu,40b,b A. A. Zafar,48 Y. Zeng,18 Z. Zeng,46,a

B. X. Zhang,1 B. Y. Zhang,1,a C. C. Zhang,1 D. H. Zhang,1 H. H. Zhang,38 H. Y. Zhang,1,a J. Zhang,1 J. J. Zhang,1

J. L. Zhang,1 J. Q. Zhang,1 J. W. Zhang,1,a J. Y. Zhang,1 J. Z. Zhang,1 K. Zhang,1 L. Zhang,1 S. Q. Zhang,30

X. Y. Zhang,33 Y. Zhang,1 Y. Zhang,1 Y. H. Zhang,1,a Y. N. Zhang,41 Y. T. Zhang,46,a Yu Zhang,41 Z. H. Zhang,6

Z. P. Zhang,46 Z. Y. Zhang,51 G. Zhao,1 J. W. Zhao,1,a J. Y. Zhao,1 J. Z. Zhao,1,a Lei Zhao,46,a Ling Zhao,1

PRL 118, 092001 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

3 MARCH 2017

0031-9007=17=118(9)=092001(8) 092001-1 © 2017 American Physical Society



Exploring Charmonium with the BESIII Experiment
Ryan Mitchell

Indiana University
Grad Student Talk

April 11, 2017

Beijing, China

BESIII (Beijing Spectrometer)
at BEPCII (Beijing Electron-Positron Collider) 

at IHEP (Institute for High Energy Physics)

M. G. Zhao,30 Q. Zhao,1 Q. W. Zhao,1 S. J. Zhao,53 T. C. Zhao,1 Y. B. Zhao,1,a Z. G. Zhao,46,a A. Zhemchugov,23,c

B. Zheng,47 J. P. Zheng,1,a W. J. Zheng,33 Y. H. Zheng,41 B. Zhong,28 L. Zhou,1,a X. Zhou,51 X. K. Zhou,46,a

X. R. Zhou,46,a X. Y. Zhou,1 K. Zhu,1 K. J. Zhu,1,a S. Zhu,1 S. H. Zhu,45 X. L. Zhu,39 Y. C. Zhu,46,a Y. S. Zhu,1

Z. A. Zhu,1 J. Zhuang,1,a L. Zotti,49a,49c B. S. Zou,1 and J. H. Zou1

(BESIII Collaboration)

1Institute of High Energy Physics, Beijing 100049, People’s Republic of China
2Beihang University, Beijing 100191, People’s Republic of China

3Beijing Institute of Petrochemical Technology, Beijing 102617, People’s Republic of China
4Bochum Ruhr-University, D-44780 Bochum, Germany

5Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA
6Central China Normal University, Wuhan 430079, People’s Republic of China

7China Center of Advanced Science and Technology, Beijing 100190, People’s Republic of China
8COMSATS Institute of Information Technology, Lahore, Defence Road, Off Raiwind Road, 54000 Lahore, Pakistan

9G.I. Budker Institute of Nuclear Physics SB RAS (BINP), Novosibirsk 630090, Russia
10GSI Helmholtzcentre for Heavy Ion Research GmbH, D-64291 Darmstadt, Germany

11Guangxi Normal University, Guilin 541004, People’s Republic of China
12Guangxi University, Nanning 530004, People’s Republic of China

13Hangzhou Normal University, Hangzhou 310036, People’s Republic of China
14Helmholtz Institute Mainz, Johann-Joachim-Becher-Weg 45, D-55099 Mainz, Germany

15Henan Normal University, Xinxiang 453007, People’s Republic of China
16Henan University of Science and Technology, Luoyang 471003, People’s Republic of China

17Huangshan College, Huangshan 245000, People’s Republic of China
18Hunan University, Changsha 410082, People’s Republic of China

19Indiana University, Bloomington, Indiana 47405, USA
20aINFN Laboratori Nazionali di Frascati, I-00044, Frascati, Italy;

20bINFN and University of Perugia, I-06100, Perugia, Italy
21aINFN Sezione di Ferrara, I-44122, Ferrara, Italy;

21bUniversity of Ferrara, I-44122, Ferrara, Italy
22Johannes Gutenberg University of Mainz, Johann-Joachim-Becher-Weg 45, D-55099 Mainz, Germany

23Joint Institute for Nuclear Research, 141980 Dubna, Moscow region, Russia
24Justus-Liebig-Universitaet Giessen, II. Physikalisches Institut, Heinrich-Buff-Ring 16, D-35392 Giessen, Germany

25KVI-CART, University of Groningen, NL-9747 AA Groningen, The Netherlands
26Lanzhou University, Lanzhou 730000, People’s Republic of China
27Liaoning University, Shenyang 110036, People’s Republic of China

28Nanjing Normal University, Nanjing 210023, People’s Republic of China
29Nanjing University, Nanjing 210093, People’s Republic of China
30Nankai University, Tianjin 300071, People’s Republic of China
31Peking University, Beijing 100871, People’s Republic of China

32Seoul National University, Seoul, 151-747 Korea
33Shandong University, Jinan 250100, People’s Republic of China

34Shanghai Jiao Tong University, Shanghai 200240, People’s Republic of China
35Shanxi University, Taiyuan 030006, People’s Republic of China

36Sichuan University, Chengdu 610064, People’s Republic of China
37Soochow University, Suzhou 215006, People’s Republic of China

38Sun Yat-Sen University, Guangzhou 510275, People’s Republic of China
39Tsinghua University, Beijing 100084, People’s Republic of China

40aAnkara University, 06100 Tandogan, Ankara, Turkey;
40bIstanbul Bilgi University, 34060 Eyup, Istanbul, Turkey;

40cUludag University, 16059 Bursa, Turkey;
40dNear East University, Nicosia, North Cyprus, Mersin 10, Turkey

41University of Chinese Academy of Sciences, Beijing 100049, People’s Republic of China
42University of Hawaii, Honolulu, Hawaii 96822, USA

43University of Minnesota, Minneapolis, Minnesota 55455, USA
44University of Rochester, Rochester, New York 14627, USA

45University of Science and Technology Liaoning, Anshan 114051, People’s Republic of China
46University of Science and Technology of China, Hefei 230026, People’s Republic of China

47University of South China, Hengyang 421001, People’s Republic of China

PRL 118, 092001 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

3 MARCH 2017

092001-2



    Ryan Mitchell (remitche@indiana.edu), Exploring Charmonium with the BESIIII Experiment, June 22, 2017 9

I.  Charmonium

II.  “Charmonium”

III.  “Charmonium” at BESIII



    Ryan Mitchell (remitche@indiana.edu), Exploring Charmonium with the BESIIII Experiment, June 22, 2017 10

I.  Charmonium

II.  “Charmonium”

III.  “Charmonium” at BESIII

c c

charm
quark

anti-charm
quark

gluons
(or gluonic field)



    Ryan Mitchell (remitche@indiana.edu), Exploring Charmonium with the BESIIII Experiment, June 22, 2017 11

I.  Charmonium

II.  “Charmonium”

III.  “Charmonium” at BESIII

c c

charm
quark

anti-charm
quark

gluons
(or gluonic field)

c c + ??



    Ryan Mitchell (remitche@indiana.edu), Exploring Charmonium with the BESIIII Experiment, June 22, 2017

I.  Charmonium:  the Hydrogen atom of the strong force

12

c c

charm
quark

anti-charm
quark

gluons
(or gluonic field)



    Ryan Mitchell (remitche@indiana.edu), Exploring Charmonium with the BESIIII Experiment, June 22, 2017 13

I.  Charmonium:  the Hydrogen atom of the strong force
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Properties of the strong force:

•   color charges

•   gluons

•   quark confinement

•   QCD

•   models
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Potential models:

A third topic is the search for exotica such as hybrids;
the level of mixing between conventional quarkonium and
hybrid basis states falls rapidly with increasing quark mass,
which suggests that nonexotic hybrids may be more easily
distinguished from conventional quarkonia in charmonium
than in the light quark sectors. Since lattice gauge theory
(LGT) predicts that the lightest c !c hybrids lie near 4.4 GeV
[37–40], there is a strong incentive to establish the ‘‘back-
ground’’ spectrum of conventional c !c states up to and
somewhat beyond this mass.

A final topic of current interest is the importance of
mixing between quark model q !q basis states and two-
meson continua, which has been cited as a possible reason
for the low masses of the recently discovered DsJ states
[41,42]. The effects of ‘‘unquenching the quark model’’ by
including meson loops can presumably be studied effec-
tively in the c !c system, in which the experimental spectrum
of states is relatively unambiguous. The success of the q !q
quark model is surprising, in view of the probable impor-
tance of corrections to the valence approximation; the
range of validity of the naive ‘‘quenched’’ q !q quark model
is an interesting and open question [43].

Motivated by this revived interest in c !c spectroscopy, we
have carried out a theoretical study of the expected prop-
erties of charmonium states, notably the poorly understood
higher-mass c !c levels above DD threshold. Two variants of
potential models are used in this study, a conventional
nonrelativistic model based on the Schrödinger equation
with a Coulomb plus linear potential, and the Godfrey-
Isgur relativized potential model. We give results for all
states in the multiplets 1! 4S, 1! 3P, 1! 2D, 1! 2F,
and 1G, comprising 40 c !c resonances in total. Predictions
are given for quantities which are likely to be of the great-
est experimental interest, which are the spectrum of states,
E1 (and some M1) electromagnetic transition rates, and
strong partial and total widths for states above open-charm
threshold.

Similar results for many of the electromagnetic transi-
tion rates have recently been reported by Ebert et al. [44].
The ‘"‘! leptonic and two-photon widths are not dis-
cussed in detail here, as they have been considered exten-
sively elsewhere; see for example [45–48] and references
cited therein.

II. SPECTRUM

A. Nonrelativistic potential model

As a minimal model of the charmonium system we use a
nonrelativistic potential model, with wave functions deter-
mined by the Schrödinger equation with a conventional
quarkonium potential. We use the standard color Coulomb
plus linear scalar form, and also include a Gaussian-
smeared contact hyperfine interaction in the zeroth-order
potential. The central potential is

V#c !c$
0 #r$ % ! 4

3

!s

r
" br" 32"!s

9m2
c

~#$#r$ ~Sc & ~S !c; (1)

where ~#$#r$ % #$= !!!!
"

p $3e!$2r2 . The four parameters (!s,
b, mc, $) are determined by fitting the spectrum.

The spin-spin contact hyperfine interaction is one of the
spin-dependent terms predicted by one gluon exchange
(OGE) forces. The contact form / ## ~x$ is actually an
artifact of an O#v2

q=c2$ expansion of the T-matrix [49],
so replacing it by an interaction with a range 1=$ compa-
rable to 1=mc is not an unwarranted modification.

We treat the remaining spin-dependent terms as mass
shifts using leading-order perturbation theory. These are
the OGE spin-orbit and tensor interactions and a longer-
ranged inverted spin-orbit term, which arises from the
assumed Lorentz scalar confinement. These are explicitly

Vspin-dep %
1

m2
c

"#
2!s

r3
! b

2r

$
~L & ~S" 4!s

r3
T
%
: (2)

The spin-orbit operator is diagonal in a jJ;L; Si basis,
with the matrix elements h ~L & ~Si % 'J#J" 1$ ! #L#L"
1$ ! S#S" 1$(=2. The tensor operator T has nonvanishing
diagonal matrix elements only between L> 0 spin-triplet
states, which are

h3LJjTj3LJi %

8>>><
>>>:

! L
6#2L"3$ ; J % L" 1

" 1
6 ; J % L

! #L"1$
6#2L!1$ ; J % L! 1

: (3)

For experimental input we use the masses of the 11 rea-
sonably well-established c !c states, which are given in
Table I (rounded to 1 MeV). The parameters that follow
from fitting these masses are #!s; b; mc;$$ %
#0:5461; 0:1425 GeV2; 1:4794 GeV; 1:0946 GeV$. Given
these values, we can predict the masses and matrix ele-
ments of the currently unknown c !c states; Table I and
Fig. 1 show the predicted spectrum.

B. Godfrey-Isgur relativized potential model

The Godfrey-Isgur model is a ‘‘relativized’’ extension of
the nonrelativistic model of the previous section. This
model assumes a relativistic dispersion relation for the
quark kinetic energy, a QCD-motivated running coupling
!s#r$, a flavor-dependent potential smearing parameter $,
and replaces factors of quark mass with quark kinetic
energy. Details of the model and the method of solution
may be found in Ref. [51]. The Hamiltonian consists of a
relativistic kinetic term and a generalized quark-antiquark
potential

H % H0 " Vq !q#~p; ~r$; (4)

where

T. BARNES, S. GODFREY, AND E. S. SWANSON PHYSICAL REVIEW D 72, 054026 (2005)
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of states is relatively unambiguous. The success of the q !q
quark model is surprising, in view of the probable impor-
tance of corrections to the valence approximation; the
range of validity of the naive ‘‘quenched’’ q !q quark model
is an interesting and open question [43].

Motivated by this revived interest in c !c spectroscopy, we
have carried out a theoretical study of the expected prop-
erties of charmonium states, notably the poorly understood
higher-mass c !c levels above DD threshold. Two variants of
potential models are used in this study, a conventional
nonrelativistic model based on the Schrödinger equation
with a Coulomb plus linear potential, and the Godfrey-
Isgur relativized potential model. We give results for all
states in the multiplets 1! 4S, 1! 3P, 1! 2D, 1! 2F,
and 1G, comprising 40 c !c resonances in total. Predictions
are given for quantities which are likely to be of the great-
est experimental interest, which are the spectrum of states,
E1 (and some M1) electromagnetic transition rates, and
strong partial and total widths for states above open-charm
threshold.

Similar results for many of the electromagnetic transi-
tion rates have recently been reported by Ebert et al. [44].
The ‘"‘! leptonic and two-photon widths are not dis-
cussed in detail here, as they have been considered exten-
sively elsewhere; see for example [45–48] and references
cited therein.

II. SPECTRUM

A. Nonrelativistic potential model

As a minimal model of the charmonium system we use a
nonrelativistic potential model, with wave functions deter-
mined by the Schrödinger equation with a conventional
quarkonium potential. We use the standard color Coulomb
plus linear scalar form, and also include a Gaussian-
smeared contact hyperfine interaction in the zeroth-order
potential. The central potential is

V#c !c$
0 #r$ % ! 4

3

!s

r
" br" 32"!s

9m2
c

~#$#r$ ~Sc & ~S !c; (1)

where ~#$#r$ % #$= !!!!
"

p $3e!$2r2 . The four parameters (!s,
b, mc, $) are determined by fitting the spectrum.

The spin-spin contact hyperfine interaction is one of the
spin-dependent terms predicted by one gluon exchange
(OGE) forces. The contact form / ## ~x$ is actually an
artifact of an O#v2

q=c2$ expansion of the T-matrix [49],
so replacing it by an interaction with a range 1=$ compa-
rable to 1=mc is not an unwarranted modification.

We treat the remaining spin-dependent terms as mass
shifts using leading-order perturbation theory. These are
the OGE spin-orbit and tensor interactions and a longer-
ranged inverted spin-orbit term, which arises from the
assumed Lorentz scalar confinement. These are explicitly

Vspin-dep %
1

m2
c

"#
2!s

r3
! b

2r

$
~L & ~S" 4!s

r3
T
%
: (2)

The spin-orbit operator is diagonal in a jJ;L; Si basis,
with the matrix elements h ~L & ~Si % 'J#J" 1$ ! #L#L"
1$ ! S#S" 1$(=2. The tensor operator T has nonvanishing
diagonal matrix elements only between L> 0 spin-triplet
states, which are

h3LJjTj3LJi %

8>>><
>>>:

! L
6#2L"3$ ; J % L" 1

" 1
6 ; J % L

! #L"1$
6#2L!1$ ; J % L! 1

: (3)

For experimental input we use the masses of the 11 rea-
sonably well-established c !c states, which are given in
Table I (rounded to 1 MeV). The parameters that follow
from fitting these masses are #!s; b; mc;$$ %
#0:5461; 0:1425 GeV2; 1:4794 GeV; 1:0946 GeV$. Given
these values, we can predict the masses and matrix ele-
ments of the currently unknown c !c states; Table I and
Fig. 1 show the predicted spectrum.

B. Godfrey-Isgur relativized potential model

The Godfrey-Isgur model is a ‘‘relativized’’ extension of
the nonrelativistic model of the previous section. This
model assumes a relativistic dispersion relation for the
quark kinetic energy, a QCD-motivated running coupling
!s#r$, a flavor-dependent potential smearing parameter $,
and replaces factors of quark mass with quark kinetic
energy. Details of the model and the method of solution
may be found in Ref. [51]. The Hamiltonian consists of a
relativistic kinetic term and a generalized quark-antiquark
potential

H % H0 " Vq !q#~p; ~r$; (4)

where

T. BARNES, S. GODFREY, AND E. S. SWANSON PHYSICAL REVIEW D 72, 054026 (2005)

054026-2

Example from Barnes, Godfrey, Swanson:

(Coulomb  +  Confinement   +   Contact)

(Spin-Orbit       +      Tensor)
PRD72, 054026 (2005)
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The Cornell parametrization is simply adopted for fitting
our data of the spin-independent central potential:

VðrÞ ¼ $A

r
þ !rþ V0; (7)

with the Coulombic coefficient A, the string tension !,
and a constant V0. We have carried out correlated "2 fits
with full covariance matrix for on-axis data over range
4 & r=a & 10, while uncorrelated fits are adopted in full
data analysis including all off-axis data points due to high
correlation between different r points. The fitting results
are listed in Table I together with the phenomenological
values employed by a nonrelativistic potential (NRp)
model in Ref. [5]. From on-axis data only, we get the
Cornell parameters of the charmonium potential: A ¼
0:861ð17Þ and

ffiffiffiffi
!

p ¼ 0:394ð7Þ MeV with acceptable
"2=dofð' 2:2Þ. The quoted errors represent only the sta-
tistical errors given by the jackknife analysis.

In Fig. 2, we show on-axis data points of the spin-
independent charmonium potential with the fitted curve
(dashed curve). The phenomenological potential used in
NRp models [5] is also plotted as a solid curve for com-
parison. As shown in Fig. 2, although the charmonium
potential obtained from lattice QCD is quite similar to
the one in the NRp models, the string tension of the
charmonium potential is slightly stronger than the phe-
nomenological one. Therefore our result indicates that
there are only minor modifications required for the spin-
independent central potential in the NRp models.

Moreover, it seems that a gap for the Coulombic coef-
ficients between the conventional static potential from
Wilson-loops and the phenomenological potential used in
the NRp models closes by our new approach, which non-
perturbatively accounts for a finite quark mass effect.

It is worth mentioning that the string breaking, which
would be induced by the presence of dynamical quarks,
was not observed at least in the range r & 1 fm, where we

still get a better signal-to-noise ratio. It is indeed what we
expected, since we cannot access information of the
potential outside of the localized wave function, which
represents the charmonium bound state within the BS
amplitude method. We here calculate only the BS wave
functions of 1S charmonium states, which are quickly
dumped around outside of r * 1 fm. Therefore, at least
the similar calculation for the higher-lying charmonium
states, whose wave function can be extended until the
string breaking sets in, is demanded to observe such effect.
In this calculation, the kinetic mass of the charm quark is

determined self-consistently within the BS amplitude
method as well. (See Ref. [9] for details.) The charm quark
mass obtained in this study is about 17% heavier than the
one adopted in the NRp models, of which value is also
listed in Table II. This difference should not be taken
seriously since the spatial profile of the spin-spin potential
from lattice QCD is slightly different from the one used in
the NRp models as we will discuss later.
In Fig. 3, we show the spin-spin term of the charmonium

potential and the corresponding phenomenological one
found in Ref. [5]. Our spin-spin potential exhibits the
short-range repulsive interaction, which is required by the
charmonium spectroscopy, where the higher spin state in
hyperfine multiplets receives heavier mass. It should be
reminded that the Wilson loop approach fails to reproduce
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FIG. 2 (color online). Spin-independent charmonium potential
calculated from the BS wave function. The dashed curve is the
fitting result by the Cornell parametrization. The shaded band
shows statistical fitting uncertainty calculated by the jackknife
method. For comparison, the phenomenological potential
adopted in a NRp model [5] is also included as solid curve.

TABLE II. Summary of the Cornell parameters and the quark
mass determined from lattice QCD. For comparison, the corre-
sponding values adopted in a NRp model [5] are also included.

This work
On-axis Full set Polyakov lines NRp model

A 0.861(17) 0.813(22) 0.403(24) 0.7281ffiffiffiffi
!

p ½GeV) 0.394(7) 0.394(7) 0.462(4) 0.3775
mQ½GeV) 1.74(3) * * * 1 1.4794

-0.1

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9

 V
S
(r

) 
[G

eV
]

r [fm]

Lattice data
NRp model

 0

 0.02

 0.04

 0.06

 0.3  0.4  0.5  0.6

FIG. 3 (color online). Spin-spin charmonium potential calcu-
lated from the BS wave function. The dashed, dotted, and dash-
dotted curve correspond to fitting results of Yukawa, exponential,
and Gaussian functional forms, respectively. For comparison, the
phenomenological potential adopted in a NRp model [5] is also
included as solid curve.
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Side Note:  bottomonium and other hadrons

notation 1:
n2s+1LJ

notation 2:
JPC

Other quark anti-quark combinations (mesons):

“bottomonium”
⇡, ⇢, b1, a0, a1, a2

uū, dd̄ (1) :

uū, dd̄ (2) :

⌘,!, h1, f0, f1, f2
ss̄ :

⌘0,�, h0
1, f

0
0, f

0
1, f

0
2

K+,K⇤+,K+
1 ,K⇤+

0 ,K⇤+
1 ,K⇤+

2

us̄ :

cd̄ :
D+, D⇤+, D+

1 , D
⇤+
0 , D⇤+

1 , D⇤+
2

B+, B⇤+, B+
1 , B⇤+

0 , B⇤+
1 , B⇤+

2

ub̄ :

Plus three-quark combinations (baryons):

p, n,�,⌃,⌅,⌦, etc.
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observed at a c.m. energy of 3.2 GeV. Subse-
quently, we repeated the measurement at 3.2
GeV and also made measurements at 3.1 and 3.3
QeV. The 3.2-GeV results reproduced, the 3.3-
QeV measurement showed no enhancement, but
the 3.1-GeV measurements were internally in-
consistent —six out of eight runs giving a low
cross section and two runs giving a factor of 3 to
5 higher cross section. This pattern could have
been caused by a very narrow resonance at an
energy slightly larger than the nominal 3.1-QeV
setting of the storage ring, the inconsistent 3.1-
QeV cross sections then being caused by setting
errors in the ring energy. The 3.2-GeV enhance-
ment would arise from radiative corrections
which give a high-energy tail to the structure.
Vfe have now repeated the measurements using

much finer energy steps and using a nuclear mag-
netic resonance magnetometer to monitor the
ring energy. The magnetometer, coupled with
measurements of the circulating beam position
in the storage ring made at sixteen points around
the orbit, allowed the relative energy to be deter-
mined to 1 part in 104. The determination of the
absolute energy setting of the ring requires the
knowledge of fBdl around the orbit and is accur-
ate to +0.1@.
The data are shown in Fig. 1. All cross sec-

tions are normalized to Bhabha scattering at 20
mrad. The cross section for the production of
hadrons is shown in Fig. 1(a). Hadronic events
are required to have in the final state either ~ 3
detected charged particles or 2 charged particles
noncoplanar by & 20'. ' The observed cross sec-
tion rises sharply from a level of about 25 nb to
a value of 2300 + 200 nb at the peak' and then ex-
hibits the long high-energy tail characteristic of
radiative corrections in e'e reactions. The de-
tection efficiency for hadronic events is 45% over
the region shown. The error quoted above in-
cludes both the statistical error and a 7%%uq contri-
bution from uncertainty in the detection efficiency.
Our mass resolution is determined by the en-

ergy spread in the colliding beams which arises
from quantum fluctuations in the synchrotron
radiation emitted by the beams. The expected
Gaussian c.m. energy distribution (@=0.56 MeV),
folded with the radiative processes, ' is shown as
the dashed curve in Fig. 1(a). The width of the
resonance must be smaller than this spread; thus
an upper limit to the full width at half-maximum
is 1.3 MeV.
Figure 1(b) shows the cross section for e'e

final states. Outside the peak this cross section
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5.10 5.12
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is equal to the Bhabha cross section integrated
over the acceptance of the apparatus. '
Figure 1(c) shows the cross section for the

production of collinear pairs of particles, ex-
cluding electrons. At present, our muon identi-

FIG. 1. Cross section versus energy for (a) multi-
hadron final states, (b) e g final states, and (c) p+p,
~+7t, and K"K final states. The curve in (a) is the ex-
pected shape of a g-function resonance folded with the
Gaussian energy spread of the beams and including
radiative processes. The cross sections shown in (b)
and (c) are integrated over the detector acceptance.
The total hadron cross section, (a), has been corrected
for detection efficiency.

3.10           3.12           3.14 
Ec.m. (GeV)

Discovery of the J/ψ
(PRL 33, 1406 (1974))
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FIG. 2. (a) Distribution of missing mass, Mz, re-
coiling against all pairs of oppositely charged parti-
cles. (b) Same as (a) for those four-prong events in
which the observed charged particles satisfy, within
errors, conservation of total momentum and energy.

the pion mass in the calculation of the missing
mass. Thus we unambiguously identify the decay
mode (2).
A subset of our events have both a lepton pair

from the decay of g(3095) and the recoil pion pair.
The missing-mass spectrum for the pion pairs
from four-prong events in which total energy and
momentum are conserved (within errors) is
shown in Fig. 2(b), where the very clean g(3095)
signal is apparent. A computer reconstruction
of one of these events is given in Fig. 3. This
event sample was used to study decay angular
distributions for Monte-Carlo simulations of de-
tection efficiency. Preliminary analysis showed
the pions to have essentially isotropic angular
distributions, while the leptons are consistent
with either isotropy or 1+cos'8, relative to the
beam axis.
There is no evidence for g(3095) production at

nonresonant energies in the vicinity of 3.7 GeV,
except for a small signal, consistent with the
radiative tail of $(3684), at 3.8 GeV.
The number of ((3684) decays leading to ((3095)

was determined from the data of Fig. 1, in which
the two muons independently satisfy the trigger
requirements. The background under the 3.1-
GeV peak was estimated separately for events
where only the two muon prongs were present
and for events having additional prongs. In the
first case, the radiative tail of the 3.7-6eV peak
is the dominant source of background. In the
higher-multiplicity events, background arises

F&G. 3. An example of the decay $(3684) 7t. + &
+g(3095), where @(3095) e++e, from an off-line re-
construction of the data. The event is seen in the x-y
projection where z is the beam (and magnetic field)
direction. Also shown are the trigger and shower
counters which detected the tracks. Tracks 3 and 4
are the slow pions and tracks 1 and 2 are the two
leptons from $(3095) decay.

from multihadron events satisfying muon-pair
selection criteria. A background subtraction of
(9+ 3)/p was applied to the data. To arrive at the
branching ratio for Reaction (1), the number of
P(3095) decays was normalized to the total num-
ber of detected events satisfying the multihadron
selection criteria, and corrected for the branch-
ing ratio B„ for g(3095) to decay into muons, ' the
efficiency for detecting muon pairs, and the av-
erage multihadron efficiency. Since we measure
B„ in the same apparatus with similar methods,
systematic uncertainties in B„and multihadron
efficiencies are strongly correlated and partially
cancel in the determination of the branching ratio
of Reaction (1). Uncertainties in the muon-pair
angular distributions for ((3095) decays from
P(3684) and the ratio of average hadron detection
efficiencies at 3.1 and 3.7 GeV dominate over
statistical errors and lead to an overall uncer-
tainty of +15/z in the branching ratio. Our re-
sult for branching ratio of Reaction (1) is

F(g(3684)—tJ)(3095) + anything)
I'(g (3684)—all)

= 0.57+ 0.08.
The branching ratio for Reaction (2) was deter-

mined from the m+m missing-mass spectrum,
Fig. 2(a). The events chosen for this analysis
were such that the system recoiling against the

1182

Observation of ψʹ → π+π−J/ψ
(PRL 34, 1181 (1975))

⇡+⇡�
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quired to be entirely contained in the detector and
to be well separated from charged particles. Pho-
ton pairs that could be reconstructed to a m' were
removed. Figure 1 shows the inclusive photon
spectrum obtained from hadronic decays of the

The transitions'" to the well-established
y states are indicated in the figure as are the
cascade transitions. " " Also clearly seen is a
signal of greater than 5 standard deviations at
E =634+ 13 MeV. The error in the photon en-
ergy is primarily systematic, resulting from a
+ 2% uncertainty in the absolute Nal(Tl) energy
calibration. This signal corresponds to a transi-
tion to a state of mass M= 2983 +16 MeV. Several
systematic checks' were made to verify that the
signal appears uniformly over the solid angle of
the apparatus and in the data obtained in the ear-
lier and later parts of the data collection period.
To check the sensitivity of the detector to a small
signal in the 630-MeV region, ' we looked for the
617-MeV photon radiated in the reaction e'e- y J'/tj at the g"(3770) resonance; this photon
was seen at the expected level. In addition, to
check that the signal is not an instrumental effect,
the inclusive photon spectrum from hadronic de-
cays of the Z/g, shown in Fig. 2, was analyzed
and no signal was found in the 630-MeV region.
If the signal from the g' corresponds to the

hindered Ml transition' II'- yq„ then we expect
to observe the transition J/g -yq, at a photon
energy of about 110 MeV. In the Z/g inclusive
photon spectrum, shown in Fig. 2, there appears
to be an enhancement about a photon energy of

112 MeV, corresponding to a state of mass M- 2981 MeV. A simultaneous fit was therefore
performed to the mass, M, and natural linewidth,
I', of the q, candidate for both the g' and 4/II sig-
nal regions. The two observed signals were fit
by a Breit-Wigner line shape convoluted with a
Gaussian energy resolution; independent quadrat-
ic forms were used for the backgrounds. The
Gaussian resolutions (v= 4.7 MeV at E =112 MeV
and v=18.3 MeV at E = 634 MeV) were derived
from other Crystal Ball measurements. '
Figures 3(a) and 3(b) show the best fit obtained,

together with the data for the g' and J/g inclusive
spectra, respectively, before and after back-
ground subtraction. The parameters from the
best fit, excepting the primarily systematic er-
ror in M, are

M=2981~15 MeV, F=20",', MeV,
y'=53 for 66 degrees of freedom.

The signal obtained from the fit has a statistical
significance of over 5 standard deviations. The
systematic error in M arises mainly from the
energy calibration uncertainty in the g' contribu-
tion to the fit, and uncertainty in the background
shape in the J/g contribution; it dominates the
&2 MeV statistical error. The dependence of y'
on F exhibits a broad minimum in y' centered
at" F= 20 MeV, where the value of I' is primarily
determined from the 8/( inclusive spectrum. The
error in I', shown in (1), is essentially statisti-
cal; an additional uncertainty due to the choice of
the functional form for the background to the J/g
signal has not yet been evaluated.
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FIG. 1. The inclusive photon spectrum from g' had-
ronic decays. Counts are plotted in logarithmic bins
since the resolution, &E/F-, is nearly constant in .E
for NaI(Tl).

FIG. 2. The inclusive photon spectrum from J/g had-
ronic decays. The structure at E& -200 MeV results
from minimum ionizing charged particles which have
been misidentified as photons (Hefs. 8 and 9).

1151

PRL45, 1150 (1980)



ηc(11S0)

J/ψ(13S1)

ψ′(23S1)

ψ′′(13D1)

χc1(13P1)

χc2(13P2)

ηc′(21S0)

3.0

3.2

3.4

3.6

3.8

2MD

0−+ 1−− 1+− 0++ 1++ 2++

M
AS

S 
  [

G
eV

/c
2 ]

JPC

E1-Dominated Transitions&
M1-Dominated Transitions

χc0(13P0)

hc(11P1)

γ
γ

    Ryan Mitchell (remitche@indiana.edu), Exploring Charmonium with the BESIIII Experiment, June 22, 2017 28

I.  Charmonium:  the Hydrogen atom of the strong force

e�

e+

� c

c̄

J/ , 0, 00, ...

BESIII Detector (a standard high-energy physics experiment)
(1) Calorimeter:  photon energy and direction  
(2) Drift Chamber and Magnet:  charged particle momentum
(3) Time-of-Flight (TOF):  charged particle mass
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background processes, but do find dozens of decay modes
that each make small additional contributions to the back-
ground. These decays typically have additional or fewer
photons in their final states. The sum of these background
events is used to estimate the contribution from other
c ð3686Þ decays. Backgrounds from the eþe$ ! q !q con-
tinuum process are studied using a data sample taken atffiffiffi
s

p ¼ 3:65 GeV. Continuum backgrounds are found to be
small and uniformly distributed in MðXiÞ. There is also an
irreducible nonresonant background, c ð3686Þ ! !Xi, that
has the same final state as signal events. A nonresonant
component is included in the fit to the "c invariant mass.

Figure 1 shows the "c invariant mass distributions for
selected "c candidates, together with the estimated #0Xi

backgrounds, the continuum backgrounds normalized by
luminosity, and other c ð3686Þ decay backgrounds esti-
mated from the inclusive MC sample. A clear "c signal
is evident in every decay mode. We note that all of the "c

signals have an obviously asymmetric shape: there is a
long tail on the low-mass side; while on the high-mass side,
the signal drops rapidly and the data dips below the ex-
pected level of the smooth background. This behavior of
the signal suggests possible interference with the nonreso-
nant !Xi amplitude. In this analysis, we assume 100% of
the nonresonant amplitude interferes with the "c.

The solid curves in Fig. 1 show the results of an un-
binned simultaneous maximum likelihood fit in the range
from 2.7 to 3:2 GeV=c2 with three components: signal,
nonresonant background, and a combined background

consisting of #0Xi decays, continuum, and other
c ð3686Þ decays. The signal is described by a Breit-
Wigner function convolved with a resolution function.
The nonresonant amplitude is real, and is described by an
expansion to second order in Chebyshev polynomials de-
fined and normalized over the fitting range. The combined
background is fixed at its expected intensity, as described
earlier. The fitting probability density function as a func-
tion of mass (m) reads

FðmÞ ¼ $ & ½%ðmÞjei&E7=2
! SðmÞ þ 'N ðmÞj2( þBðmÞ;

where SðmÞ, N ðmÞ, and BðmÞ are the signal, the non-
resonant !Xi component, and the combined background,
respectively; E! is the photon energy,$ is the experimental
resolution, and %ðmÞ is the mass-dependent efficiency. The
E7
! multiplying jSðmÞj2 reflects the expected energy depen-

dence of the hindered-M1 transition [16], which partially
contributes to the "c low-mass tail as well as the interfer-
ence effect. The interference phase & and the strength of
the nonresonant component ' are allowed to vary in the fit.
The mass-dependent efficiencies are determined from

phase space distributed MC simulations of the "c decays.
Efficiencies obtained from MC samples that include inter-
mediate states change the resulting mass and width by
negligible amounts. MC studies indicate that the resolution
is almost constant over the fitting range. Thus, a mass-
independent resolution is used in the fit. The detector
resolution is primarily determined by MC simulation for
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FIG. 1 (color). The MðXiÞ invariant mass distributions for the decays KSK
þ#$, KþK$#0, "#þ#$, KSK

þ#þ#$#$,
KþK$#þ#$#0, and 3ð#þ#$Þ, respectively, with the fit results (for the constructive solution) superimposed. Points are data and
the various curves are the total fit results. Signals are shown as short-dashed lines, the nonresonant components as long-dashed lines,
and the interference between them as dotted lines. Shaded histograms are (in red, yellow, green) for [continuum, #0Xi, other c ð3686Þ
decays] backgrounds. The continuum backgrounds for KSK

þ#$ and "#þ#$ decays are negligible.
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! ! "þ"""0 (##). For the #K0
SK

#"$ channel, these
background contributions are suppressed by requiring that
the recoil mass of all"þ"" pairs be less than 3:05 GeV=c2.
For the #KþK""0 channel, this type of contamination is
removed by requiring that the invariant mass of the two
charged tracks, assuming they are muons, be less than
2:9 GeV=c2. The remaining dominant background sources
are (1) c ð3686Þ ! K0

SK
#"$ (KþK""0) events with a fake

photon candidate; (2) events with the same final states
including K0

SK
#"$#ISR=FSR (KþK""0#ISR=FSR) with the

photon from initial- or final-state radiation (ISR, FSR) and
c ð3686Þ ! !KþK" with ! ! #"0; and (3) events with
an extra photon, primarily from c ð3686Þ ! "0K0

SK
#"$

("0KþK""0) with "0 ! ##. MC studies demonstrate that
contributions from all other known processes are negligible.

The events in the first category, with a fake photon
incorporated into the kinematic fit, produce a peak in the
K0

SK
#"$ (KþK""0) mass spectrum close to the expected

!cð2SÞ mass, with a sharp cutoff due to the 25-MeV
photon-energy threshold.

Because the fake photon adds no information to the fit,
its inclusion distorts the mass measurement. We therefore
determine the mass from a modified kinematic fit in which
the magnitude of the photon momentum is allowed to
freely float (3C for #K0

SK
#"$ and 4C for #KþK""0).

In the case of a fake photon, the momentum tends to zero,
which improves the background separation with minimal
distortion of the signal line shape [16].

Background contributions from c ð3686Þ ! K0
SK

#"$

(KþK""0) and c ð3686Þ ! K0
SK

#"$#FSR (KþK""0

#FSR) are estimated with MC distributions for those
processes normalized according to a previous measure-
ment of the branching ratios [21]. FSR is simulated in
our MC generations with PHOTOS [22], and the FSR con-
tribution is scaled by the ratio of the FSR fractions in data
and MC generations for a control sample of c ð3686Þ !
#$cJ (J ¼ 0 or 1) events. For this study the $cJ is
selected in three final states with or without an extra FSR
photon, namely K0

SK
#"$ð#FSRÞ, "þ"""þ""ð#FSRÞ, and

"þ""KþK"ð#FSRÞ, as described in Ref. [16]. Background

contributions from the continuum process eþe" ! #( !
K0

SK
#"$ð#FSRÞ (KþK""0ð#FSRÞ) and the ISR

process eþe" ! #(#ISR ! K0
SK

#"$#ISRðKþK""0#ISRÞ
are estimated with data collected at

ffiffiffi
s

p ¼ 3:65 GeV
corrected for differences in the integrated luminosity and
the cross section, and with particle momenta and
energies scaled to account for the beam-energy dif-
ference. MC simulations show that the K0

SK
#"$

(KþK""0) mass spectra are similar for FSR and ISR events.
Events without radiation have the same mass distribution
independently of originating from a resonant c ð3686Þ decay
or from the nonresonant continuum production. Thus,
the background shapes from K0

SK
#"$ðKþK""0Þ and

K0
SK

#"$#ISR=FSRðKþK""0#ISR=FSRÞ are described by the
sum of the MC-simulated K0

SK
#"$ðKþK""0Þ and

K0
SK

#"$#FSRðKþK""0#FSRÞ invariant-mass shapes, with
the proportions fixed according to the procedure described
above. The shapes of background mass distributions from
c ð3686Þ ! !KþK" with ! ! #"0 are parameterized
with a double-Gaussian function, and its level is measured
with the same data sample and fixed in the final fit.
The third type of background, that with an extra photon,

"0K0
SK

#"$ð"0KþK""0Þ, is measured with data and nor-
malized according to the simulated contamination rate. It
contributes a smooth component around the $cJ (J ¼ 1, 2)
mass region with a small tail in the !cð2SÞ signal region
that is described by a Novosibirsk function [23] (Gaussian
function) for the "0K0

SK
#"$ ("0KþK""0) background.

The shape and size of this background is fixed in the fit.
The mass spectra for the K0

SK
#"$ and KþK""0 chan-

nels are fitted simultaneously to extract the yield, mass, and
width of !cð2SÞ. To better determine the background and
mass resolution from the data, the mass spectra are fitted
over a range (3:46–3:71 GeV=c2) that includes the $c1 and
$c2 resonances as well as the !cð2SÞ signal. The final mass
spectra and the likelihood fit results are shown in Fig. 1.
Each fitting function includes four components, namely,
!cð2SÞ, $c1, $c2, and the summed background described
above. Line shapes for $c1 and $c2 are obtained from MC
simulations and convolved with Gaussian functions to
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FIG. 1 (color online). The invariant-mass spectrum for K0
SK

#"$ (left panel), KþK""0 (right panel), and the simultaneous
likelihood fit to the three resonances and combined background sources as described in the text.
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TABLE I: Event-selection requirements for each exclusive channel.

Mode χ2
4C PID π+π−J/ψ veto π0π0J/ψ veto γχc2 veto π0 veto for E1 photon η → π+π−π0 veto

pp̄ 30 N(p) ≥ 1 no no yes no no
π+π−π+π− 60 N(π) ≥ 3 yes yes yes yes yes

K+K−K+K− 60 N(K) ≥ 3 no no no yes no
K+K−π+π− 40 N(K) ≥ 2, N(π) ≥ 0 yes yes yes yes yes

pp̄π+π− 30 N(p) ≥ 2, N(π) ≥ 0 yes yes yes yes yes
π+π−π+π−π−π− 50 N(π) ≥ 4 yes yes no yes yes
K+K−π+π−π−π− 70 N(K) ≥ 2, N(π) ≥ 2 yes no no no no

K+K−π0 50 N(K) ≥ 1 no yes no no no
pp̄π0 40 N(p) ≥ 1 no yes yes yes no
K0

SK
±π∓ 70 − no no no no yes

K0
SK

±π∓π±π∓ 50 − no no yes no no
π+π−η 50 − no no no yes no

K+K−η 70 N(K) ≥ 1 no no yes yes no
π+π−π+π−η 30 − yes no no yes no
π+π−π0π0 40 − yes yes yes yes yes

π+π−π+π−π0π0 60 − yes yes no yes no
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FIG. 1: The π0 recoil mass spectrum in ψ(3686) → π0hc, hc → γηc, ηc → Xi summed over the 16

final states Xi. The dots with error bars represent the π0 recoil mass spectrum in data. The solid
line shows the total fit function and the dashed line is the background component of the fit.

IV. EXTRACTION OF YIELDS AND RESONANCE PARAMETERS

We obtain the hc mass, width and branching ratios from simultaneous fits to the π0 recoil
mass distributions for the 16 exclusive ηc decay modes. Here only 1-C kinematic fits with
π0 mass hypothesis are used to improve the energy resolution. The 4C-fits used in event
selection are not used in the π0 recoil mass reconstruction, because the energy resolution of

8
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Hadronic decays of the J/ψ and ψ(2S): 

cc̄
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Hadronic decays of the J/ψ and ψ(2S): 

cc̄

PLB 710, 294 (2012)

BESIII Collaboration / Physics Letters B 710 (2012) 594–599 599

Fig. 2. ππ invariant mass distribution (left) and Dalitz plot (right) with backgrounds subtracted and corrected for efficiency. Top and bottom graphs show the results for the
J/ψ −→ π+π−π0 and ψ ′ −→ π+π−π0 analysis, respectively.
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Radiative decays of the J/ψ and ψ(2S): 

cc̄ ⌘, ⌘0

B(J/ ! �⌘)

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

PLB600, 315 (2008)
BESII 
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well as the specific ionization in the CDC. This classi-
fication is superseded if the track is identified as a lepton:
electrons are identified by the presence of a matching
ECL cluster with energy and transverse profile consistent
with an electromagnetic shower; muons are identified by
their range and transverse scattering in the KLM.

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

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

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

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

%ECM
beam&2 " %pCM

B &2
q

, where ECM
beam is the beam

energy in the CM system, and ECM
B and pCM

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

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

We make separate fits to the data in the  0

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

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

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

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

"2 ln%L0=Lmax&
p

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

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

MX # Mmeas
X "Mmeas

 0 !MPDG
 0

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

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

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

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

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

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

Quantity  0 region M # 3872 MeV region

Signal events 489' 23 35:7' 6:8
Mmeas
!!!"J= peak 3685:5' 0:2 MeV 3871:5' 0:6 MeV
$M!!!"J= 3:3' 0:2 MeV 2:5' 0:5 MeV
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well as the specific ionization in the CDC. This classi-
fication is superseded if the track is identified as a lepton:
electrons are identified by the presence of a matching
ECL cluster with energy and transverse profile consistent
with an electromagnetic shower; muons are identified by
their range and transverse scattering in the KLM.

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

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

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

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

%ECM
beam&2 " %pCM

B &2
q

, where ECM
beam is the beam

energy in the CM system, and ECM
B and pCM

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

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

We make separate fits to the data in the  0

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

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

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

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

"2 ln%L0=Lmax&
p

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

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

MX # Mmeas
X "Mmeas

 0 !MPDG
 0

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

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

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

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

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

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

Quantity  0 region M # 3872 MeV region

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

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

262001-3 262001-3

PRL91,262001 (2003)

Belle
ψ(2S)

MC

B ! K(⇡+⇡�J/ )



    Ryan Mitchell (remitche@indiana.edu), Exploring Charmonium with the BESIIII Experiment, June 22, 2017

II.  Charmonium:  problems and mysteries

42

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)

predicted, discovered

predicted, undiscovered

unpredicted, discovered

Z(4430)

Y(3940)

e+

e� �

µ+

µ�

b

c

s

c

u
u

B+

K+

 , X

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

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

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

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

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

%ECM
beam&2 " %pCM

B &2
q

, where ECM
beam is the beam

energy in the CM system, and ECM
B and pCM

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

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

We make separate fits to the data in the  0

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

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

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

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

"2 ln%L0=Lmax&
p

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

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

MX # Mmeas
X "Mmeas

 0 !MPDG
 0

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

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

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

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

The measured width of the X%3872& peak is $ # 2:5'
0:5 MeV, which is consistent with the MC-determined
resolution and the value obtained from the fit to the  0

0.40 0.80 1.20

M(π+π-l+l-) - M(l+l-) (GeV)

0

100

200

300

E
ve

nt
s/

0.
01

0 
G

eV

0.40 0.80 1.20

M(π+π-l+l-) - M(l+l-) (GeV)

0

4000

8000

12000

FIG. 1. Distribution of M%!!!"‘!‘"& "M%‘!‘"& for se-
lected events in the "E-Mbc signal region for (a) Belle data
and (b) generic B- !BB MC events.

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

Quantity  0 region M # 3872 MeV region

Signal events 489' 23 35:7' 6:8
Mmeas
!!!"J= peak 3685:5' 0:2 MeV 3871:5' 0:6 MeV
$M!!!"J= 3:3' 0:2 MeV 2:5' 0:5 MeV
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The LHCb detector is a single-arm forward spectrometer
covering the pseudorapidity range 2 < η < 5, described
in detail in Refs. [18,19]. The Xð3872Þ candidate selec-
tion, which is based on reconstructing Bþ→ ðJ=ψ→μþμ−Þ
πþπ−Kþ candidates using particle identification informa-
tion and transverse momentum (pT) thresholds and requir-
ing separation of tracks and the Bþ vertex from the primary
pp interaction vertex, is improved relative to that of
Ref. [17]. The signal efficiency is increased by lowering
requirements on pT for muons from 0.90 to 0.55 GeV and
for hadrons from 0.25 to 0.20 GeV. The background is
further suppressed without significant loss of signal by
requiring Q < 250 MeV. The Xð3872Þ mass resolution
(σΔM) is improved from about 5.5 to 2.8 MeV by
constraining the Bþ candidate to its known mass and
requiring its momentum to point to a pp collision vertex
in the kinematic fit of its decay. The distribution of ΔM≡
Mðπþπ−J=ψÞ −MðJ=ψÞ is shown in Fig. 1. A Crystal Ball
function [20] with symmetric tails is used to model the
signal shape, while the background is assumed to be linear.
An unbinned maximum-likelihood fit yields 1011$ 38
Bþ → Xð3872ÞKþ decays and 1468$ 44 background
entries in the 725 < ΔM < 825 MeV range used in the
angular analysis. The signal purity is 80% within 2.5σΔM
from the signal peak. From studying the Kþπþπ− mass
distribution, the dominant source of the background is
found to be Bþ→J=ψK1ð1270Þþ, K1ð1270Þþ → Kþπþπ−

decays.
Angular correlations in the Bþ decay chain are analyzed

using an unbinned maximum-likelihood fit to determine the
Xð3872Þ quantum numbers and orbital angular momentum
in its decay. The probability density function (P) for each
JPC hypothesis, JX, is defined in the five-dimensional
angular spaceΩ≡ðcosθX;cosθρ;ΔϕX;ρ;cosθJ=ψ ;ΔϕX;J=ψ Þ,

where θX, θρ and θJ=ψ are the helicity angles [21–23] in the
Xð3872Þ, ρ0 and J=ψ decays, respectively, and ΔϕX;ρ,
ΔϕX;J=ψ are the angles between the decay planes of the
Xð3872Þ particle and of its decay products. The quantity P
is the normalized product of the expected decay matrix
element (M) squared and of the reconstruction
efficiency (ϵ), PðΩjJXÞ ¼ jMðΩjJXÞj2ϵðΩÞ=IðJXÞ, where
IðJXÞ ¼

R
jMðΩjJXÞj2ϵðΩÞdΩ. The efficiency is averaged

over the πþπ− mass using a simulation [24–28] of the
Xð3872Þ → ρ0J=ψ , ρ0 → πþπ− decay. The line shape of
the ρ0 resonance can change slightly depending on the
Xð3872Þ spin hypothesis. The effect on ϵðΩÞ is very small
and is neglected. The angular correlations are obtained
using the helicity formalism [16],

jMðΩjJXÞj2 ¼
X

Δλμ¼−1;þ1

j
X

λJ=ψ ;λρ¼−1;0;þ1

AλJ=ψ ;λρ DJX
0;λJ=ψ−λρð0; θX; 0Þ

&

D1
λρ;0

ðΔϕX;ρ; θρ; 0Þ&

D1
λJ=ψ ;ΔλμðΔϕX;J=ψ ; θJ=ψ ; 0Þ&j2; ð1Þ

where the λ’s are particle helicities, Δλμ ¼ λμþ − λμ− and
DJ

λ1;λ2
are Wigner functions [21–23]. The helicity cou-

plings, AλJ=ψ ;λρ , are expressed in terms of the LS couplings,
BLS, with the help of Clebsch-Gordan coefficients, where L
is the orbital angular momentum between the ρ0 and the
J=ψ mesons, and S is the sum of their spins,

AλJ=ψ ;λρ ¼
X

L

X

S

BLS

 
JJ=ψ Jρ S

λJ=ψ −λρ λJ=ψ −λρ

!

×
!
L S JX

0 λJ=ψ −λρ λJ=ψ −λρ

"
: ð2Þ

Possible values of L are constrained by parity conservation,
PX ¼ PJ=ψPρð−1ÞL ¼ ð−1ÞL. In the previous analyses
[14,16,17], only the minimal value of the angular momen-
tum, Lmin, was allowed. Thus, for the preferred JPC ¼ 1þþ

hypothesis, the D wave was neglected allowing only
S-wave decays. In this work all L values are allowed in
Eq. (2). The corresponding BLS amplitudes are listed in
Table I. Values of JX up to 4 are analyzed. Since the orbital
angular momentum in the Bþ decay equals JX, high values
are suppressed by the angular momentum barrier. In fact,
the highest observed spin of any resonance produced in B
decays is 3 [29,30]. Since P is insensitive to the overall
normalization of the BLS couplings and to the phase of the
matrix element, the BLS amplitude with the lowest L and S
is set to the arbitrary reference value (1,0). The set of
other possible complex BLS amplitudes, which are free
parameters in the fit, is denoted as α.
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FIG. 1 (color online). Distribution of ΔM for Bþ →
J=ψKþπþπ− candidates. The fit of the Xð3872Þ signal is
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The LHCb detector is a single-arm forward spectrometer
covering the pseudorapidity range 2 < η < 5, described
in detail in Refs. [18,19]. The Xð3872Þ candidate selec-
tion, which is based on reconstructing Bþ→ ðJ=ψ→μþμ−Þ
πþπ−Kþ candidates using particle identification informa-
tion and transverse momentum (pT) thresholds and requir-
ing separation of tracks and the Bþ vertex from the primary
pp interaction vertex, is improved relative to that of
Ref. [17]. The signal efficiency is increased by lowering
requirements on pT for muons from 0.90 to 0.55 GeV and
for hadrons from 0.25 to 0.20 GeV. The background is
further suppressed without significant loss of signal by
requiring Q < 250 MeV. The Xð3872Þ mass resolution
(σΔM) is improved from about 5.5 to 2.8 MeV by
constraining the Bþ candidate to its known mass and
requiring its momentum to point to a pp collision vertex
in the kinematic fit of its decay. The distribution of ΔM≡
Mðπþπ−J=ψÞ −MðJ=ψÞ is shown in Fig. 1. A Crystal Ball
function [20] with symmetric tails is used to model the
signal shape, while the background is assumed to be linear.
An unbinned maximum-likelihood fit yields 1011$ 38
Bþ → Xð3872ÞKþ decays and 1468$ 44 background
entries in the 725 < ΔM < 825 MeV range used in the
angular analysis. The signal purity is 80% within 2.5σΔM
from the signal peak. From studying the Kþπþπ− mass
distribution, the dominant source of the background is
found to be Bþ→J=ψK1ð1270Þþ, K1ð1270Þþ → Kþπþπ−

decays.
Angular correlations in the Bþ decay chain are analyzed

using an unbinned maximum-likelihood fit to determine the
Xð3872Þ quantum numbers and orbital angular momentum
in its decay. The probability density function (P) for each
JPC hypothesis, JX, is defined in the five-dimensional
angular spaceΩ≡ðcosθX;cosθρ;ΔϕX;ρ;cosθJ=ψ ;ΔϕX;J=ψ Þ,

where θX, θρ and θJ=ψ are the helicity angles [21–23] in the
Xð3872Þ, ρ0 and J=ψ decays, respectively, and ΔϕX;ρ,
ΔϕX;J=ψ are the angles between the decay planes of the
Xð3872Þ particle and of its decay products. The quantity P
is the normalized product of the expected decay matrix
element (M) squared and of the reconstruction
efficiency (ϵ), PðΩjJXÞ ¼ jMðΩjJXÞj2ϵðΩÞ=IðJXÞ, where
IðJXÞ ¼

R
jMðΩjJXÞj2ϵðΩÞdΩ. The efficiency is averaged

over the πþπ− mass using a simulation [24–28] of the
Xð3872Þ → ρ0J=ψ , ρ0 → πþπ− decay. The line shape of
the ρ0 resonance can change slightly depending on the
Xð3872Þ spin hypothesis. The effect on ϵðΩÞ is very small
and is neglected. The angular correlations are obtained
using the helicity formalism [16],

jMðΩjJXÞj2 ¼
X
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where the λ’s are particle helicities, Δλμ ¼ λμþ − λμ− and
DJ

λ1;λ2
are Wigner functions [21–23]. The helicity cou-

plings, AλJ=ψ ;λρ , are expressed in terms of the LS couplings,
BLS, with the help of Clebsch-Gordan coefficients, where L
is the orbital angular momentum between the ρ0 and the
J=ψ mesons, and S is the sum of their spins,
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Possible values of L are constrained by parity conservation,
PX ¼ PJ=ψPρð−1ÞL ¼ ð−1ÞL. In the previous analyses
[14,16,17], only the minimal value of the angular momen-
tum, Lmin, was allowed. Thus, for the preferred JPC ¼ 1þþ

hypothesis, the D wave was neglected allowing only
S-wave decays. In this work all L values are allowed in
Eq. (2). The corresponding BLS amplitudes are listed in
Table I. Values of JX up to 4 are analyzed. Since the orbital
angular momentum in the Bþ decay equals JX, high values
are suppressed by the angular momentum barrier. In fact,
the highest observed spin of any resonance produced in B
decays is 3 [29,30]. Since P is insensitive to the overall
normalization of the BLS couplings and to the phase of the
matrix element, the BLS amplitude with the lowest L and S
is set to the arbitrary reference value (1,0). The set of
other possible complex BLS amplitudes, which are free
parameters in the fit, is denoted as α.
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FIG. 1 (color online). Distribution of ΔM for Bþ →
J=ψKþπþπ− candidates. The fit of the Xð3872Þ signal is
displayed. The solid (blue), dashed (red) and dotted (green)
lines represent the total fit, signal component and background
component, respectively.
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be equal. The curves in Fig. 3 indicate the results of the
Mbc fits.

The fitted B-meson signal yields are plotted vs
M!!J= " in Figs. 4(a) and 4(b). An enhancement is evi-
dent around M!!J= " # 3940 MeV. The curve in
Fig. 4(a) is the result of a fit with a threshold function of
the form f!M" # A0q$!M", where q$!M" is the momentum
of the daughter particles in the !J= rest frame. This
functional form accurately reproduces the threshold behav-
ior of Monte Carlo simulated B! K!J= events that are
generated uniformly over phase space. The fit quality to the
observed data points is poor (!2=d:o:f: # 115=11), indi-
cating a significant deviation from phase space; the integral
of f!M" over the first three bins is 16.8 events, where the
data total is 55.6 events.

In Fig. 4(b) we show the results of a fit where we include
an S-wave Breit-Wigner (BW) function [15] to represent
the enhancement. The fit, which has !2=d:o:f: # 15:6=8
(C:L: # 4:8%), yields a Breit-Wigner signal yield of 58%
11 events with mass M # 3943% 11 MeV and width ! #
87% 22 MeV (statistical errors only). The statistical signi-
ficance of the signal, determined from

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

&2 ln!L0=Lmax"
p

,
where Lmax and L0 are the likelihood values for the best fit
and for zero signal yield, respectively, is 8:1".

The K! invariant mass distribution for Mbc-"E signal
region events in the region of the M!!J= " enhancement
are distributed uniformly across the available phase space
and there is no evident K! mass structure that might be
producing the observed mass enhancement by a kinematic
reflection. Nevertheless, the possibility that different high-
mass K! partial waves might interfere in a way that
produces some peaking in the !J= mass distribution
cannot be ruled out.

The M!#'#&#0" distributions for different M!!J= "
mass regions exhibit !! #'#&#0 signals that track the
Mbc-"E signal yields. There are no significant !!
#'#&#0 signals in the "E or Mbc sidebands. A compari-
son of the ! signal strengths in the Mbc-"E signal region
and the Mbc and "E sidebands is used to infer that !90%
18"% of the B! K#'#&#0J= events in the M #
3943 MeV enhancement are produced via !! #'#&#0

decays.
We study potential systematic errors on the yield, mass,

and width by repeating the fits with different signal pa-
rametrizations, background shapes, and bin sizes. For ex-
ample, when we change the background function to
include terms up to third order in q$, the yield increases
to 75% 10 events, the mass changes to 3948% 9 MeV, the
width changes to ! # 100% 23 MeV, and the fit quality
improves: !2=d:o:f: # 10:0=6 (C:L: # 12:4%). However,
the resulting background shape is very different from that
of phase space. For different bin sizes, fitting ranges,
M!K!" requirements, and signal line shapes we see similar
variations.

For the systematic uncertainties we use the largest de-
viations from the nominal values for the different fits. In
the following, we assume that all of the 3# systems are due
to !! #'#&#0 decays and include the possibility of a
nonresonant contribution in the systematic error. This is the
main component of the negative side systematic error; the
change in yield for different background shapes contributes
a positive side error of comparable size. The effects of
possible acceptance variation as a function ofM!!J= " on
the mass and width values are found to be negligibly small.

To determine a branching fraction, we use the BW fit
shown in Fig. 4(b) to establish the event yield of the
observed enhancement. Monte Carlo simulation is used
to estimate detection efficiencies of 2:4%% 0:1% and
0:42%% 0:02% for B! K'!J= and K0!J= , respec-
tively. We find a product branching fraction [here we
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detected in the EMC since it is produced preferentially
along the beam direction.

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

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

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

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

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

It is important to test the ISR-production hypothesis
because the JPC ' 1"" assignment for the Y#4260$ fol-
lows from it. The ISR photon is reconstructed in #24( 8$%
of the Y#4260$ events, in agreement with the 25% observed
for ISR #2S$ events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with !!!"J= mass in the regions %3:86; 4:06& GeV=c2
and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

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

data events passing all selection criteria except that on m2
Rec

and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.
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FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.
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production of the Yð4260Þ, and beyond #4:8 GeV=c2 the
data are consistent with background only. There is a small
excess of events near 4:5 GeV=c2, which we choose to
attribute to statistical fluctuation. In this regard, we note
that no corresponding excess is observed in Ref. [14]. The
background contribution is featureless throughout the mass
region being considered.

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

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

#BWðmÞ¼12!C

m2 ' PSðmÞ
PSðmYÞ

'!eþe% 'BðJ=c!þ!%Þ'm2
Y '!Y

ðm2
Y%m2Þ2þm2

Y!
2
Y

;

(1)

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

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

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

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

#i ¼
nobsi % nbkgi

"i 'Li 'BðJ=c ! lþl%Þ ; (2)

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

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

the c.m. energy of the c ð3770Þ by the CLEO [24] and BES
[25] collaborations. The former reported the value 12:1)
2:2 pb for the eþe% ! c ð3770Þ ! J=c!þ!% cross sec-
tion, after subtraction of the contribution resulting from
radiative return to the c ð2SÞ. The dependence on Ecm of
our fitted cross section, shown by the curve in Fig. 2(b),
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FIG. 2 (color online). (a) The J=c!þ!% mass spectrum from
3:74 GeV=c2 to 5:5 GeV=c2; the points represent the data and
the shaded histogram is the background from the J=c sidebands;
the solid curve represents the fit result, and the dashed curve
results from the simultaneous fit to the background; (b) the
measured eþe% ! J=c!þ!% cross section as a function of
c.m. energy; the solid curve results from the fit shown in (a).
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production of the Yð4260Þ, and beyond #4:8 GeV=c2 the
data are consistent with background only. There is a small
excess of events near 4:5 GeV=c2, which we choose to
attribute to statistical fluctuation. In this regard, we note
that no corresponding excess is observed in Ref. [14]. The
background contribution is featureless throughout the mass
region being considered.

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

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

#BWðmÞ¼12!C

m2 ' PSðmÞ
PSðmYÞ

'!eþe% 'BðJ=c!þ!%Þ'm2
Y '!Y

ðm2
Y%m2Þ2þm2

Y!
2
Y

;

(1)

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

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

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

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

#i ¼
nobsi % nbkgi

"i 'Li 'BðJ=c ! lþl%Þ ; (2)

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

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

the c.m. energy of the c ð3770Þ by the CLEO [24] and BES
[25] collaborations. The former reported the value 12:1)
2:2 pb for the eþe% ! c ð3770Þ ! J=c!þ!% cross sec-
tion, after subtraction of the contribution resulting from
radiative return to the c ð2SÞ. The dependence on Ecm of
our fitted cross section, shown by the curve in Fig. 2(b),
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FIG. 2 (color online). (a) The J=c!þ!% mass spectrum from
3:74 GeV=c2 to 5:5 GeV=c2; the points represent the data and
the shaded histogram is the background from the J=c sidebands;
the solid curve represents the fit result, and the dashed curve
results from the simultaneous fit to the background; (b) the
measured eþe% ! J=c!þ!% cross section as a function of
c.m. energy; the solid curve results from the fit shown in (a).
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A clean  !2S" signal is apparent in Fig. 1. An examina-
tion of the !#!$ !2S" combinations reveals that about
half the background results from recombinations within the
same 2!!#!$"J= system where at least one of the pri-
mary pions is combined with the J= to form a !#!$J= 
candidate. After subtracting the self-combinatorial back-
ground, we estimate 3:8% 1:1 non- !2S" background
events in the final sample of 78 events within the  !2S"
mass window.

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

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

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

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

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

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

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

# B!m"; (2)

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

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

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

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

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

Parameters First solution
(constructive interference)

Second solution
(destructive interference)

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

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

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

Parameters Solution

Mass Yð4360Þ (MeV=c2) 4318þ15
−19

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

−7
Width Yð4660Þ (MeV) 36þ32

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

FIG. 2 (color online). (a) The comparison between the observed
ψð2SÞπþπ− [ψð2SÞ → J=ψπþπ−] invariant mass spectrum from
BABAR (dots) and that from Belle [6] (hatched histogram).
(b) The combined BABAR and Belle ψð2SÞπþπ− [ψð2SÞ →
J=ψπþπ−] invariant mass spectrum.
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Table 2: Candidates for QCD exotica roughly organized by mass. Quantum numbers that have not been measured, but are assumed, are
listed in parentheses. Unknown quantum numbers are left blank or are indicated with a question mark. References for mass and width values
are given in the mass column. When only a single value has been measured or there is one dominant measurement, the value from the original
reference is used. Otherwise, we quote the PDG average. References for the production processes and decay modes are given in Table 1.

Particle IGJPC Mass [MeV] Width [MeV] Production and Decay

X(3823) ( 2(1D)) (0�2��) 3822.2 ± 1.2 [176] < 16
B ! KX; X ! ��

c1

e+e� ! ⇡+⇡�X; X ! ��
c1

X(3872) 0+1++ 3871.69 ± 0.17 [176] < 1.2

B ! KX; X ! ⇡+⇡�J/ 
B ! KX; X ! D⇤0D̄0

B ! KX; X ! �J/ , � (2S)
B ! KX; X ! !J/ 

B ! K⇡X; X ! ⇡+⇡�J/ 
e+e� ! �X; X ! ⇡+⇡�J/ 

pp or pp̄ ! X + any.; X ! ⇡+⇡�J/ 

Z
c

(3900) 1+1+� 3886.6 ± 2.4 [176] 28.1 ± 2.6
e+e� ! ⇡Z; Z ! ⇡J/ 
e+e� ! ⇡Z; Z ! D⇤D̄

X(3915)
0+0++ 3918.4 ± 1.9 [176] 20 ± 5

�� ! X; X ! !J/ 
Y (3940) B ! KX; X ! !J/ 

Z(3930) (�
c2(2P )) 0+2++ 3927.2 ± 2.6 [176] 24 ± 6 �� ! Z; Z ! DD̄

X(3940) 3942+7
�6 ± 6 [41] 37+26

�15 ± 8 e+e� ! J/ + X; X ! DD̄⇤

Y (4008) 1�� 3891 ± 41 ± 12 [23] 255 ± 40 ± 14 e+e� ! Y ; Y ! ⇡+⇡�J/ 

Z
c

(4020) 1+??� 4024.1 ± 1.9 [176] 13 ± 5
e+e� ! ⇡Z; Z ! ⇡h

c

e+e� ! ⇡Z; Z ! D⇤D̄⇤

Z1(4050) 1�??+ 4051 ± 14+20
�41 [133] 82+21+47

�17�22 B ! KZ; Z ! ⇡±�
c1

Z
c

(4055) 1+??� 4054 ± 3 ± 1 [148] 45 ± 11 ± 6 e+e� ! ⇡⌥Z; Z ! ⇡± (2S)

Y (4140) 0+1++ 4146.5 ± 4.5+4.6
�2.8 [125] 83 ± 21+21

�14

B ! KY ; Y ! �J/ 
pp or pp̄ ! Y + any.; Y ! �J/ 

X(4160) 4156+25
�20 ± 15 [41] 139+111

�61 ± 21 e+e� ! J/ + X; X ! D⇤D̄⇤

Z
c

(4200) 1+1+� 4196+31+17
�29�13 [46] 370+70+70

�70�132 B ! KZ; Z ! ⇡±J/ 
Y (4230) 0�1�� 4230 ± 8 ± 6 [149] 38 ± 12 ± 2 e+e� ! Y ; Y ! !�

c0

Z
c

(4240) 1+0�� 4239 ± 18+45
�10 [138] 220 ± 47+108

�74 B ! KZ; Z ! ⇡± (2S)
Z2(4250) 1�??+ 4248+44+180

�29�35 [133] 177+54+316
�39�61 B ! KZ; Z ! ⇡±�

c1

Y (4260) 0�1�� 4251 ± 9 [176] 120 ± 12 e+e� ! Y ; Y ! ⇡⇡J/ 
Y (4274) 0+1++ 4273.3 ± 8.3+17.2

�3.6 [125] 52 ± 11+8
�11 B ! KY ; Y ! �J/ 

X(4350) 0+??+ 4350.6+4.6
�5.1 ± 0.7 [170] 13+18

�9 ± 4 �� ! X; X ! �J/ 
Y (4360) 1�� 4346 ± 6 [176] 102 ± 10 e+e� ! Y ; Y ! ⇡+⇡� (2S)

Z
c

(4430) 1+1+� 4478+15
�18 [176] 181 ± 31

B ! KZ; Z ! ⇡±J/ 
B ! KZ; Z ! ⇡± (2S)

X(4500) 0+0++ 4506 ± 11+12
�15 [125] 92 ± 21+21

�20 B ! KX; X ! �J/ 
X(4630) 1�� 4634+8+5

�7�8 [150] 92+40+10
�24�21 e+e� ! X; X ! ⇤

c

⇤̄
c

Y (4660) 1�� 4643 ± 9 [176] 72 ± 11 e+e� ! Y ; Y ! ⇡+⇡� (2S)
X(4700) 0+0++ 4704 ± 10+14

�24 [125] 120 ± 31+42
�33 B ! KX; X ! �J/ 

P
c

(4380) 4380 ± 8 ± 29 [35] 205 ± 18 ± 86 ⇤
b

! KP
c

; P
c

! pJ/ 
P

c

(4450) 4449.8 ± 1.7 ± 2.5 [35] 39 ± 5 ± 19 ⇤
b

! KP
c

; P
c

! pJ/ 
X(5568) 5567.8 ± 2.9+0.9

�1.9 [175] 21.9 ± 6.4+5.0
�2.5 pp̄ ! X + anything; X ! B

s

⇡±

Z
b

(10610) 1+1+� 10607.2 ± 2.0 [176] 18.4 ± 2.4
e+e� ! ⇡Z; Z ! ⇡⌥(1S, 2S, 3S)
e+e� ! ⇡Z; Z ! ⇡h

b

(1P, 2P )
e+e� ! ⇡Z; Z ! BB̄⇤

Z
b

(10650) 1+1+� 10652.2 ± 1.5 [176] 11.5 ± 2.2
e+e� ! ⇡Z; Z ! ⇡⌥(1S, 2S, 3S)
e+e� ! ⇡Z; Z ! ⇡h

b

(1P, 2P )
e+e� ! ⇡Z; Z ! B⇤B̄⇤

Y
b

(10888) 0�1�� 10891 ± 4 [176] 54 ± 7
e+e� ! Y ; Y ! ⇡⇡⌥(1S, 2S, 3S)
e+e� ! Y ; Y ! ⇡⇡h

b

(1P, 2P )

19
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Run at 4.26 GeV to produce the Y(4260)!

We did this in 2013…
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13$

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. 

e+e� ! ⇡+⇡�J/ ; J/ ! µ+µ�
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a mass difference of 2:1 MeV=c2, a width difference of
3.7 MeV, and production ratio difference of 2.6% absolute.
Assuming the Zcð3900Þ couples strongly with D !D# results
in an energy dependence of the total width [22], and the fit
yields a difference of 2:1 MeV=c2 for mass, 15.4 MeV for
width, and no change for the production ratio. We estimate
the uncertainty due to the background shape by changing to
a third-order polynomial or a phase space shape, varying
the fit range, and varying the requirements on the !2 of the
kinematic fit. We find differences of 3:5 MeV=c2 for mass,
12.1 MeV for width, and 7.1% absolute for the production
ratio. Uncertainties due to the mass resolution are esti-
mated by increasing the resolution determined by MC
simulations by 16%, which is the difference between the
MC simulated and measured mass resolutions of the J=c
and D0 signals. We find the difference is 1.0 MeV in the
width, and 0.2% absolute in the production ratio, which are
taken as the systematic errors. Assuming all the sources of
systematic uncertainty are independent, the total system-
atic error is 4:9 MeV=c2 for mass, 20 MeV for width and
7.5% for the production ratio.

In Summary, we have studied eþe% ! "þ"%J=c at a
c.m. energy of 4.26 GeV. The cross section is measured to
be ð62:9& 1:9& 3:7Þ pb, which agrees with the existing
results from the BABAR [5], Belle [3], and CLEO [4]
experiments. In addition, a structure with a mass of
ð3899:0& 3:6& 4:9Þ MeV=c2 and a width of ð46& 10&
20Þ MeV is observed in the "&J=c mass spectrum. This
structure couples to charmonium and has an electric
charge, which is suggestive of a state containing more
quarks than just a charm and anticharm quark. Similar
studies were performed in B decays, with unconfirmed
structures reported in the "&c ð3686Þ and "&!c1 systems
[23–26]. It is also noted that model-dependent calculations
exist that attempt to explain the charged bottomonium-
like structures which may also apply to the charmonium-
like structures, and there were model predictions of

charmoniumlike structures near the D !D# and D# !D#

thresholds [27].
The BESIII collaboration thanks the staff of BEPCII and

the computing center for their hard efforts. This work is
supported in part by the Ministry of Science and
Technology of China under Contract No. 2009CB825200;
National Natural Science Foundation of China (NSFC)
under Contracts No. 10625524, No. 10821063,
No. 10825524, No. 10835001, No. 10935007,
No. 11125525, and No. 11235011; Joint Funds of the
National Natural Science Foundation of China under
Contracts No. 11079008, and No. 11179007; the Chinese
Academy of Sciences (CAS)Large-Scale Scientific Facility
Program; CAS under Contracts No. KJCX2-YW-N29, and
No. KJCX2-YW-N45; 100 Talents Program of CAS;
German Research Foundation DFG under Contract
No. Collaborative Research Center CRC-1044; Istituto
Nazionale di Fisica Nucleare, Italy; Ministry of
Development of Turkey under Contract No. DPT2006K-
120470; U. S. Department of Energy under Contracts
No. DE-FG02-04ER41291, No. DE-FG02-05ER41374,
and No. DE-FG02-94ER40823; U.S. National Science
Foundation; University of Groningen (RuG) and the
Helmholtzzentrum fuer Schwerionenforschung GmbH
(GSI), Darmstadt; National Research Foundation of Korea
Grant No. 2011-0029457 and WCU Grant No. R32-10155.

*Also at the Moscow Institute of Physics and Technology,
Moscow 141700, Russia.
†On leave from the Bogolyubov Institute for Theoretical
Physics, Kiev 03680, Ukraine.
‡Also at University of Texas at Dallas, Richardson, Texas
75083, USA.
§Also at the PNPI, Gatchina 188300, Russia.
∥Present address: Nagoya University, Nagoya 464-8601,
Japan.

[1] B. Aubert et al. (BABAR Collaboration), Phys. Rev. Lett.
95, 142001 (2005).

[2] Q. He et al. (CLEO Collaboration), Phys. Rev. D 74,
091104(R) (2006).

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

[4] T. E. Coan et al. (CLEO Collaboration), Phys. Rev. Lett.
96, 162003 (2006).

[5] J. P. Lees et al. (BABAR Collaboration), Phys. Rev. D 86,
051102(R) (2012).

[6] T. Barnes, S. Godfrey, and E. S. Swanson, Phys. Rev. D 72,
054026 (2005).

[7] X. H. Mo, G. Li, C. Z. Yuan, K. L. He, H.M. Hu, J. H.
Hu, P. Wang, and Z.Y. Wang, Phys. Lett. B 640, 182
(2006).

[8] D. Cronin-Hennessy et al. (CLEO Collaboration), Phys.
Rev. D 80, 072001 (2009).

[9] G. Pakhlova et al. (Belle Collaboration), Phys. Rev. Lett.
98, 092001 (2007).

)2) (GeV/cJ/±π(maxM
3.7 3.8 3.9 4.0

2
E

ve
nt

s 
/ 0

.0
1 

G
eV

/c

0

20

40

60

80

100

)2) (GeV/cψ±(max

2
E

ve
nt

s 
/ 0

.0
1 

G
eV

/c

)2±(max

2
E

ve
nt

s 
/ 0

.0
1 

G
eV

/c

Data

Total fit

Background fit

PHSP MC

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

) and the measured Born cross

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

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

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

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

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

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

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

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

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

The data at 4.23, 4.26, and 4.36 GeV are fitted simulta-
neously with the same signal function with common mass
and width. The signal shape is parametrized as a constant
width relativistic Breit-Wigner function convolved with a
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Gaussian with a mass resolution determined from the data
directly. Assuming the spin parity of the Zcð4020Þ JP ¼
1þ, a phase space factor pq3 is considered in the partial
width, where p is the Zcð4020Þ momentum in the eþe%

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

a histogram with 46 bins. The statistical significance of the
Zcð4020Þ signal is calculated by comparing the fit like-
lihoods with and without the signal. Besides the nominal
fit, the fit is also performed by changing the fit range, the
signal shape, or the background shape. In all cases, the
significance is found to be greater than 8:9".
The numbers of Zcð4020Þ events are determined to be

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

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

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

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

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

masses (reconstructed from K%#þ). The differences are
(2:1& 0:4) and %ð0:7& 0:2Þ MeV=c2, respectively. Since
our signal topology has one low momentum pion and many
tracks from the hc decay, we assume these differences
added in quadrature, 2:6 MeV=c2, is the systematic error
due to the mass calibration. Spin parity conservation for-
bids a zero spin for the Zcð4020Þ, and, assuming that
contributions from D wave or higher are negligible, the
only alternative is JP ¼ 1% for the Zcð4020Þ. A fit under
this scenario yields a mass difference of 0:2 MeV=c2 and a
width difference of 0.8 MeV. The uncertainty due to the
background shape is determined by changing to a second-
order polynomial and by varying the fit range. A difference
of 0:1 MeV=c2 for the mass is found from the former, and
differences of 0:2 MeV=c2 for mass and 1.1MeV for width
are found from the latter. Uncertainties due to the mass
resolution are estimated by varying the resolution differ-
ence between the data and MC simulation by one standard
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total fit, and the dotted curves the backgrounds from the fit.
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Current status of the Zc states:

(Good) The Zc(3900) and Zc(4020) have
clear analogues in the bottomonium system.

(Interesting) There are also Zc states seen
in B decays (e.g. the Zc(4430)) that have not
yet been found in e+e− annihilation.

(Confusing)  The Zc(3900) and Zc(4020)
have not been found in B decays.
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Later in 2013, 2014, and 2016, we collected
data at many more energies…
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calculated using the KKMC [30] program. To get the correct
ISR photon energy distribution, we use the

ffiffiffi
s

p
-dependent

cross section line shape of the eþe− → πþπ−J=ψ process,
i.e., σð

ffiffiffi
s

p
Þ, to replace the default one of KKMC. Since

σð
ffiffiffi
s

p
Þ is what we measure in this study, the ISR correction

procedure needs to be iterated, and the final results are
obtained when the iteration converges. Figure 1 shows the
measured cross section σð

ffiffiffi
s

p
Þ from both the XYZ data and

scan data (numerical results are listed in Supplemental
Material [33]).
To study the possible resonant structures in the eþe− →

πþπ−J=ψ process, a binned maximum likelihood fit is
performed simultaneously to the measured cross section
σð

ffiffiffi
s

p
Þ of the XYZ data with Gaussian uncertainties and the

scan data with Poisson uncertainties. The PDF is para-
meterized as the coherent sum of three Breit-Wigner
functions, together with an incoherent ψð3770Þ component
which accounts for the decay of ψð3770Þ → πþπ−J=ψ ,
with ψð3770Þ mass and width fixed to PDG [8] values.
Because of the lack of data near the ψð3770Þ resonance, it
is impossible to determine the relative phase between the
ψð3770Þ amplitude and the other amplitudes. The ampli-
tude to describe a resonance R is written as

Að
ffiffiffi
s

p
Þ ¼ Mffiffiffi

s
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12πΓeþe−ΓtotBR

p

s −M2 þ iMΓtot

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φð

ffiffiffi
s

p
Þ

ΦðMÞ

s

eiϕ; ð2Þ

where M, Γtot, and Γeþe− are the mass, full width, and
electronic width of the resonance R, respectively; BR is the
branching fraction of the decay R → πþπ−J=ψ ; Φð

ffiffiffi
s

p
Þ is

the phase space factor of the three-body decay R →
πþπ−J=ψ [8]; and ϕ is the phase of the amplitude. The
fit has four solutions with equally good fit quality [34] and
identical masses and widths of the resonances (listed in
Table I), while the phases and the product of the electronic
widths with the branching fractions are different (listed in
Table II). Figure 1 shows the fit results. The resonance R1

has a mass and width consistent with that of Yð4008Þ
observed by Belle [5] within 1.0σ and 2.9σ, respectively.

The resonance R2 has a mass 4222.0% 3.1 MeV=c2, which
agrees with the average mass, 4251% 9 MeV=c2 [8], of the
Yð4260Þ peak [1–5] within 3.0σ. However, its measured
width is much narrower than the average width, 120%
12 MeV [8], of the Yð4260Þ. We also observe a new
resonance R3. The statistical significance of R3 is estimated
to be 7.9σ (including systematic uncertainties) by compar-
ing the change of Δð−2 lnLÞ ¼ 74.9 with and without the
R3 amplitude in the fit and taking the change of number of
degree of freedom Δn:d:f: ¼ 4 into account. The fit quality
is estimated using a χ2-test method, with χ2=n:d:f: ¼
93.6=110. Fit models taken from previous experiments
[1–5] are also investigated and are ruled out with a
confidence level equivalent to more than 5.4σ.
As an alternative description of the data, we use an

exponential [35] to model the cross section near 4 GeVas in
Ref. [4] instead of the resonance R1. The fit results are
shown as dashed lines in Fig. 1. This model also describes
the data very well. A χ2 test to the fit quality gives
χ2=n:d:f: ¼ 93.2=111. Thus, the existence of a resonance
near 4 GeV, such as the resonance R1 or the Yð4008Þ
resonance [3], is not necessary to explain the data. The fit
has four solutions with equally good fit quality [34] and
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FIG. 1. Measured cross section σðeþe− → πþπ−J=ψÞ and simultaneous fit to the XYZ data (left) and scan data (right) with the
coherent sum of three Breit-Wigner functions (red solid curves) and the coherent sum of an exponential continuum and two Breit-
Wigner functions (blue dashed curves). Dots with error bars are data.

TABLE I. The measured masses and widths of the resonances
from the fit to the eþe− → πþπ−J=ψ cross section with three
coherent Breit-Wigner functions. The numbers in the brackets
correspond to a fit by replacing R1 with an exponential describing
the continuum. The errors are statistical only.

Parameters Fit result

MðR1Þ 3812.6þ61.9
−96.6 (& & &)

ΓtotðR1Þ 476.9þ78.4
−64.8 (& & &)

MðR2Þ 4222.0% 3.1 (4220.9% 2.9)

ΓtotðR2Þ 44.1% 4.3 (44.1% 3.8)

MðR3Þ 4320.0% 10.4 (4326.8% 10.0)

ΓtotðR3Þ 101.4þ25.3
−19.7 (98.2þ25.4

−19.6 )
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the geometric description of the BESIII detector and the
detector response. For the signal process, we use an MC
sample for eþe− → πþπ−hc process generated according
to phase space. ISR is simulated with KKMC [26] with a
maximum energy for the ISR photon corresponding to the
πþπ−hc mass threshold.
We select signal candidates with the same method as that

described in Ref. [17]. Figure 1 shows the scatter plot of
the invariant mass of the ηc candidate vs the one of the hc
candidate and the invariant mass distribution of γηc in the
ηc signal region for the data sample at

ffiffiffi
s

p
¼ 4.416 GeV.

A clear hc → γηc signal is observed. The ηc signal region is
defined by a mass window around the nominal ηc mass [3],
which is within #50 MeV=c2 with efficiency about 84%
(#45 MeV=c2 with efficiency about 80%) from MC
simulation for final states with only charged or K0

S particles
(for those including π0 or η).
We determine the number of πþπ−hc signal events (nobshc

)
from the γηc invariant mass distribution. For the XYZ data
sample, the γηc mass spectrum is fitted with the MC
simulated signal shape convolved with a Gaussian function
to reflect the mass resolution difference between the data
and MC simulation, together with a linear background.
The fit to the data sample at

ffiffiffi
s

p
¼ 4.416 GeV is shown in

Fig. 1. The tail on the high mass side is due to events with
ISR (ISR photon undetected); this is simulated with KKMC

in MC simulation, and its fraction is fixed in the fit. For
the data samples with large statistics (

ffiffiffi
s

p
¼ 4.226, 4.258,

4.358, and 4.416 GeV), the fit is applied to the 16 ηc decay
modes simultaneously with the number of signal events
in each decay mode constrained by the corresponding
branching fraction [27]. For the data samples at the other
energy points, we fit the mass spectrum summed over all ηc
decay modes. For the R-scan data sample, the number of
signal events is calculated by counting the entries in the hc

signal region ½3.515; 3.535% GeV=c2 (nsig) and the entries
in the hc sideband regions ½3.475; 3.495% GeV=c2 and
½3.555; 3.575% GeV=c2 (nside) using the formula nobshc

¼
nsig − fnside. Here, the scale factor f ¼ 0.5 is the ratio
of the size of the signal region and the background region,
and the background is assumed to be distributed linearly in
the region of interest.
The Born cross section is calculated from

σB ¼
nobshc

Lð1þ δÞj1þ Πj2B1

P
16
i¼1 ϵiB2ðiÞ

;

where nobshc
is the number of observed signal events, L is the

integrated luminosity, (1þ δ) is the ISR correction factor,
j1þ Πj2 is the correction factor for vacuum polarization
[28], B1 is the branching fraction of hc → γηc [3], ϵi and
B2ðiÞ are the detection efficiency and branching fraction
for the ith ηc decay mode [27], respectively. The ISR
correction factor is obtained using the QED calculation as
described in Ref. [29] and taking the formula used to fit the
cross section measured in this analysis after two iterations
as input. The Born cross sections are summarized in the
Supplemental Material [19] together with all numbers used
in the calculation of the Born cross sections. The dressed
cross sections (including vacuum polarization effects) are
shown in Fig. 2 with dots and squares for the R-scan and
XYZ data sample, respectively. The cross sections are of the
same order of magnitude as those of the eþe− → πþπ−J=ψ
and eþe− → πþπ−ψð2SÞ [4–12], but follow a different line
shape. The cross section drops in the high energy region,
but more slowly than for the eþe− → πþπ−J=ψ process.
Systematic uncertainties in the cross section measure-

ment mainly come from the luminosity measurement, the
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FIG. 1. The Mγηc distribution in the ηc signal region of
4.416 GeV data. Points with error bars are the data and the
curves are the best fit described in the text. The inset is the scatter
plot of the mass of the ηc candidate Mηc vs the mass of the hc
candidate Mγηc for the same data sample.
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FIG. 2. Fit to the dressed cross section of eþe− → πþπ−hc with
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sum of one Breit-Wigner function and a phase space term
gives a worse result as well, the change of the likelihood
value is ½Δð−2 lnLÞ ¼ 66.8%. We also fit the cross section
with the coherent sum of three Breit-Wigner functions, or
the coherent sum of two Breit-Wigner functions and a
phase space term. Both assumptions improve the fit quality,
but the significances of the third resonance and the phase
space term are only 2.6σ and 2.9σ, respectively.
The systematic uncertainties in the resonance parameters

mainly come from the absolute c.m. energy measurement,
the c.m. energy spread, and the systematic uncertainty
on the cross section measurement. The uncertainty from the
c.m. energy measurement includes the uncertainty of the
c.m. energy and the assumption made in the measurement
for the R-scan data sample. Because of the low statistics at
each energy point in the R-scan data sample, we approxi-
mate the difference between the requested and the actual
c.m. energy by a common constant. To assess the system-
atic uncertainty connected with this assumption, we replace
the constant by a c.m. energy-dependent second-order
polynomial. The systematic uncertainty of the c.m. energy
is common for all the energy points in the two data samples
and will propagate to the mass measurement (0.8 MeV).
The changes on the parameters are taken as uncertainty.
The uncertainty from c.m. energy spread is estimated by

convoluting the fit formula with a Gaussian function with a
width of 1.6 MeV, which is beam spread, measured by the
Beam Energy Measurement System [36]. The uncertainty
from the cross section measurement is divided into two
parts. The first one is uncorrelated among the different c.m.
energy points and comes mainly from the fit to the γηc
invariant mass spectrum to determine the signal yields.
The corresponding uncertainty is estimated by including
the uncertainty in the fit to the cross section, and taking
the differences on the parameters as uncertainties. The
second part includes all the other sources, is common for all
data points (14.8%), and only affects the ΓeeB measure-
ment. Table I summarizes the systematic uncertainty in the
resonance parameters.
In summary, we measure the eþe− → πþπ−hc Born

cross section using data at 79 c.m. energy points from
3.896 to 4.600 GeV. Assuming the πþπ−hc events come
from two resonances, we obtain M ¼ ð4218.4þ5.5

−4.5 '
0.9Þ MeV=c2, Γ ¼ ð66.0þ12.3

−8.3 ' 0.4Þ MeV, and ðΓeeBÞ ¼
ð4.6þ2.9

−1.4 ' 0.8Þ eV for Yð4220Þ, and M ¼ ð4391.5þ6.3
−6.8 '

1.0Þ MeV=c2, Γ ¼ ð139.5þ16.2
−20.6 ' 0.6Þ MeV, and ðΓeeBÞ ¼

ð11.6þ5.0
−4.4 ' 1.9Þ eV for Yð4390Þ, with a relative phase of

ϕ ¼ ð3.1þ0.7
−0.9 ' 0.2Þ rad. The first errors are statistical

and the second are systematic. The parameters of these
structures are different from those of Yð4260Þ, Yð4360Þ,
and ψð4415Þ [3]. The resonance parameters of Yð4220Þ
are consistent with those of the resonance observed in
eþe− → ωχc0 [13].
The two resonances observed in eþe− → πþπ−hc process

are located in the mass region between 4.2 and 4.4 GeV=c2,
where the vector charmonium hybrid states are predicted
from various QCD calculations [37–39]. The mass of
Yð4220Þ is lower than that of Yð4260Þ observed in the
eþe− → πþπ−J=ψ process. The smaller mass is consistent
with some of the theoretical calculations for the mass of
Yð4260Þ when explaining it as a D1D̄ molecule [40,41].

The BESIII Collaboration thanks the staff of BEPCII and
the IHEP computing center for their strong support. This
work is supported in part by National Key Basic Research
Program of China under Contract No. 2015CB856700;
National Natural Science Foundation of China (NSFC)

TABLE I. The systematic uncertainty in the measurement of the resonance parameters. c.m. energy1;2 represent the uncertainty from
the systematic uncertainty of c.m. energy measurement and the assumption made in the c.m. energy measurement for R-scan data
sample, respectively. Cross sectionaðbÞ represents the uncertainty from the systematic uncertainties of the cross section measurement
which are un-correlated (common) in each energy point.

Yð4220Þ Yð4390Þ
Sources M (MeV=c2) Γ (MeV) ðΓeeBÞ (eV) M (MeV=c2) Γ (MeV) ðΓeeBÞ (eV) ϕ (rad)

c.m. energy1ð2Þ 0.8(0.1) −ð0.1Þ −ð0.2Þ 0.8(0.1) −ð0.2Þ −ð0.3Þ −ð0.1Þ
c.m. energy spread 0.1 0.3 0.3 0.1 0.1 0.7 0.1
Cross sectionaðbÞ 0.1ð−Þ −ð−Þ 0.2(0.7) 0.6ð−Þ 0.5ð−Þ 0.4(1.7) 0.1ð−Þ
Total 0.9 0.4 0.8 1.0 0.6 1.9 0.2
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FIG. 3. The likelihood contours in the mass and width planes
for Yð4220Þ (left panel) and Yð4390Þ (right panel). The filled
areas are up to 3σ likelihood contours and the dots with error bars
are the locations of Y or ψ states. The parameters of Yð4260ÞPDG
are taken from the PDG average [3] and Yð4260ÞBESIII from the
measurement of eþe− → πþπ−J=ψ at BESIII [35].
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A few studies from IU graduate students:

Dan Bennett:  What about e+e− → K+K−J/ψ?
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dotted line in (d) is the 1/2 prediction according to isospin
symmetry.
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VoLUME 45, NUMBER 14 PHYSICAL REVIEW LETTERS 6 OCTOBER 1980

quired to be entirely contained in the detector and
to be well separated from charged particles. Pho-
ton pairs that could be reconstructed to a m' were
removed. Figure 1 shows the inclusive photon
spectrum obtained from hadronic decays of the

The transitions'" to the well-established
y states are indicated in the figure as are the
cascade transitions. " " Also clearly seen is a
signal of greater than 5 standard deviations at
E =634+ 13 MeV. The error in the photon en-
ergy is primarily systematic, resulting from a
+ 2% uncertainty in the absolute Nal(Tl) energy
calibration. This signal corresponds to a transi-
tion to a state of mass M= 2983 +16 MeV. Several
systematic checks' were made to verify that the
signal appears uniformly over the solid angle of
the apparatus and in the data obtained in the ear-
lier and later parts of the data collection period.
To check the sensitivity of the detector to a small
signal in the 630-MeV region, ' we looked for the
617-MeV photon radiated in the reaction e'e- y J'/tj at the g"(3770) resonance; this photon
was seen at the expected level. In addition, to
check that the signal is not an instrumental effect,
the inclusive photon spectrum from hadronic de-
cays of the Z/g, shown in Fig. 2, was analyzed
and no signal was found in the 630-MeV region.
If the signal from the g' corresponds to the

hindered Ml transition' II'- yq„ then we expect
to observe the transition J/g -yq, at a photon
energy of about 110 MeV. In the Z/g inclusive
photon spectrum, shown in Fig. 2, there appears
to be an enhancement about a photon energy of

112 MeV, corresponding to a state of mass M- 2981 MeV. A simultaneous fit was therefore
performed to the mass, M, and natural linewidth,
I', of the q, candidate for both the g' and 4/II sig-
nal regions. The two observed signals were fit
by a Breit-Wigner line shape convoluted with a
Gaussian energy resolution; independent quadrat-
ic forms were used for the backgrounds. The
Gaussian resolutions (v= 4.7 MeV at E =112 MeV
and v=18.3 MeV at E = 634 MeV) were derived
from other Crystal Ball measurements. '
Figures 3(a) and 3(b) show the best fit obtained,

together with the data for the g' and J/g inclusive
spectra, respectively, before and after back-
ground subtraction. The parameters from the
best fit, excepting the primarily systematic er-
ror in M, are

M=2981~15 MeV, F=20",', MeV,
y'=53 for 66 degrees of freedom.

The signal obtained from the fit has a statistical
significance of over 5 standard deviations. The
systematic error in M arises mainly from the
energy calibration uncertainty in the g' contribu-
tion to the fit, and uncertainty in the background
shape in the J/g contribution; it dominates the
&2 MeV statistical error. The dependence of y'
on F exhibits a broad minimum in y' centered
at" F= 20 MeV, where the value of I' is primarily
determined from the 8/( inclusive spectrum. The
error in I', shown in (1), is essentially statisti-
cal; an additional uncertainty due to the choice of
the functional form for the background to the J/g
signal has not yet been evaluated.
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FIG. 1. The inclusive photon spectrum from g' had-
ronic decays. Counts are plotted in logarithmic bins
since the resolution, &E/F-, is nearly constant in .E
for NaI(Tl).

FIG. 2. The inclusive photon spectrum from J/g had-
ronic decays. The structure at E& -200 MeV results
from minimum ionizing charged particles which have
been misidentified as photons (Hefs. 8 and 9).
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FIG. 1. The recoil-mass distribution of the transition pho-
ton summed over all ⌘c decay channels. Results from the
simultaneous fits are overlaid. In (a-f) the fits are performed
separately at each energy; in (g) and (h) the data are com-
bined and fit with the �Y(4260) and �FLAT assumptions, re-
spectively. Pull distributions, derived by comparing the fit
projections and the data, are shown below each plot. Dot-
ted and dashed vertical lines indicate the ⌘c and J/ masses,
respectively.

di↵erences range from 1% to 6%, which are included in
the systematic uncertainties. Significances of the ⌘c sig-
nal are obtained by comparing the likelihoods of fits with
and without the ⌘c signal. The largest significance (3.0�)
is found at ECM = 4.26 GeV. Upper limits of the Born
cross section (at 90% confidence level) are calculated by
first convolving the likelihood function with a Gaussian
function whose width corresponds to the total system-
atic uncertainty, then integrating the resulting likelihood
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FIG. 2. (a) The cross section for e+e� ! �ISRJ/ (points)
compared to the theoretical calculation (line) [18, 21].
(b) The Born cross section for e+e� ! �⌘c measured at each
ECM (points) and measured using the sum of all the data un-
der various assumptions about the energy-dependence of the
cross section (broken lines). The first tick marks are due to
the statistical uncertainty, the intermediate tick marks sum
in quadrature the statistical and the systematic uncertain-
ties uncorrelated in energy (see Table III), and the outermost
tick marks sum in quadrature both the statistical and to-
tal systematic uncertainties. The predicted cross sections for
e+e� !  (4040) ! �⌘c and e+e� !  (4415) ! �⌘c [3] are
shown as solid lines.

function up to the value that includes 90% of the integral.

TABLE I. Measurements of the Born cross section �(e+e� !
�⌘c) (where the first uncertainty is statistical and the second
is systematic), statistical significance (sig.), and 90% confi-
dence level upper limits (U.L.) at each ECM .

ECM (GeV) �(e+e� ! �⌘c) (pb) sig. (�) U.L. (pb)
4.01 0.44 ± 1.02 ± 0.32 0.4 2.4
4.23 1.34 ± 0.59 ± 0.22 2.2 2.2
4.26 2.17 ± 0.70 ± 0.39 3.0 3.2
4.36 2.03 ± 0.77 ± 0.40 2.7 3.2
4.42 0.71 ± 0.48 ± 0.33 1.4 1.6
4.60 0.23 ± 0.53 ± 0.35 0.4 1.4

Because there is little evidence for the e+e� ! �⌘c pro-
cess at any individual energy, we combine all six energies
under various assumptions for the energy-dependence of
the cross section. In this case, we perform a simulta-
neous fit to the 6 ⇥ 12 recoil-mass distributions of the

arXiv:1705.09722
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FIG. 1. The recoil-mass distribution of the transition pho-
ton summed over all ⌘c decay channels. Results from the
simultaneous fits are overlaid. In (a-f) the fits are performed
separately at each energy; in (g) and (h) the data are com-
bined and fit with the �Y(4260) and �FLAT assumptions, re-
spectively. Pull distributions, derived by comparing the fit
projections and the data, are shown below each plot. Dot-
ted and dashed vertical lines indicate the ⌘c and J/ masses,
respectively.

di↵erences range from 1% to 6%, which are included in
the systematic uncertainties. Significances of the ⌘c sig-
nal are obtained by comparing the likelihoods of fits with
and without the ⌘c signal. The largest significance (3.0�)
is found at ECM = 4.26 GeV. Upper limits of the Born
cross section (at 90% confidence level) are calculated by
first convolving the likelihood function with a Gaussian
function whose width corresponds to the total system-
atic uncertainty, then integrating the resulting likelihood
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FIG. 2. (a) The cross section for e+e� ! �ISRJ/ (points)
compared to the theoretical calculation (line) [18, 21].
(b) The Born cross section for e+e� ! �⌘c measured at each
ECM (points) and measured using the sum of all the data un-
der various assumptions about the energy-dependence of the
cross section (broken lines). The first tick marks are due to
the statistical uncertainty, the intermediate tick marks sum
in quadrature the statistical and the systematic uncertain-
ties uncorrelated in energy (see Table III), and the outermost
tick marks sum in quadrature both the statistical and to-
tal systematic uncertainties. The predicted cross sections for
e+e� !  (4040) ! �⌘c and e+e� !  (4415) ! �⌘c [3] are
shown as solid lines.

function up to the value that includes 90% of the integral.

TABLE I. Measurements of the Born cross section �(e+e� !
�⌘c) (where the first uncertainty is statistical and the second
is systematic), statistical significance (sig.), and 90% confi-
dence level upper limits (U.L.) at each ECM .

ECM (GeV) �(e+e� ! �⌘c) (pb) sig. (�) U.L. (pb)
4.01 0.44 ± 1.02 ± 0.32 0.4 2.4
4.23 1.34 ± 0.59 ± 0.22 2.2 2.2
4.26 2.17 ± 0.70 ± 0.39 3.0 3.2
4.36 2.03 ± 0.77 ± 0.40 2.7 3.2
4.42 0.71 ± 0.48 ± 0.33 1.4 1.6
4.60 0.23 ± 0.53 ± 0.35 0.4 1.4

Because there is little evidence for the e+e� ! �⌘c pro-
cess at any individual energy, we combine all six energies
under various assumptions for the energy-dependence of
the cross section. In this case, we perform a simulta-
neous fit to the 6 ⇥ 12 recoil-mass distributions of the
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Next Plan:  Do a fine scan (every ~10 MeV) of the
XYZ region with ~500 pb−1 per point.

2017:  4190, 4200, 4210, 4230, 4240, 4250, 4270, 4280
Next:  4290, 4300, 4310, …..  MeV  

Do a more systematic analysis of 
e+e− cross sections and substructure.
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c c

charm
quark

anti-charm
quark

gluons
(or gluonic field)

c c + ??

• There is still much to understand about the charmonium system:

• It is an exciting chance to learn more about the strong force.

• Progress is being made, but the destination is not clear…


