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M. Rump,56 A. Sarantsev,28,f M. Savrié,24b Y. Schelhaas,27 C. Schnier,4 K. Schoenning,63 W. Shan,19 X. Y. Shan,59,47

M. Shao,59,47 C. P. Shen,2 P. X. Shen,36 X. Y. Shen,1,51 H. C. Shi,59,47 R. S. Shi,1,51 X. Shi,1,47 X. D. Shi,59,47 J. J. Song,40

Q. Q. Song,59,47 Y. X. Song,37,m S. Sosio,62a,62c S. Spataro,62a,62c F. F. Sui,40 G. X. Sun,1 J. F. Sun,16 L. Sun,64 S. S. Sun,1,51

T. Sun,1,51 W. Y. Sun,34 Y. J. Sun,59,47 Y. K. Sun,59,47 Y. Z. Sun,1 Z. T. Sun,1 Y. X. Tan,59,47 C. J. Tang,44 G. Y. Tang,1

J. Tang,48 V. Thoren,63 B. Tsednee,26 I. Uman,50d B. Wang,1 B. L. Wang,51 C.W. Wang,35 D. Y. Wang,37,m H. P. Wang,1,51

K. Wang,1,47 L. L. Wang,1 M. Wang,40 M. Z. Wang,37,m Meng Wang,1,51 W. P. Wang,59,47 X. Wang,37,m X. F. Wang,31

X. L. Wang,9,j Y. Wang,48 Y. Wang,59,47 Y. D. Wang,15 Y. F. Wang,1,47,51 Y. Q. Wang,1 Z. Wang,1,47 Z. Y. Wang,1

Ziyi Wang,51 Zongyuan Wang,1,51 T. Weber,4 D. H. Wei,12 P. Weidenkaff,27 F. Weidner,56 H.W. Wen,34,a S. P. Wen,1

D. J. White,54 U. Wiedner,4 G. Wilkinson,57 M. Wolke,63 L. Wollenberg,4 J. F. Wu,1,51 L. H. Wu,1 L. J. Wu,1,51 X. Wu,9,j

Z. Wu,1,47 L. Xia,59,47 H. Xiao,9,j S. Y. Xiao,1 Y. J. Xiao,1,51 Z. J. Xiao,34 X. H. Xie,37,m Y. G. Xie,1,47 Y. H. Xie,6

T. Y. Xing,1,51 X. A. Xiong,1,51 G. F. Xu,1 J. J. Xu,35 Q. J. Xu,14 W. Xu,1,51 X. P. Xu,45 L. Yan,9,j L. Yan,62a,62c W. B. Yan,59,47

W. C. Yan,67 H. J. Yang,41,i H. X. Yang,1 L. Yang,64 R. X. Yang,59,47 S. L. Yang,1,51 Y. H. Yang,35 Y. X. Yang,12

PHYSICAL REVIEW LETTERS 127, 082002 (2021)

0031-9007=21=127(8)=082002(8) 082002-1 Published by the American Physical Society

https://orcid.org/0000-0003-0363-0385


Yifan Yang,1,51 Zhi Yang,25 M. Ye,1,47 M. H. Ye,7 J. H. Yin,1 Z. Y. You,48 B. X. Yu,1,47,51 C. X. Yu,36 G. Yu,1,51 J. S. Yu,20,n

T. Yu,60 C. Z. Yuan,1,51 W. Yuan,62a,62c X. Q. Yuan,37,m Y. Yuan,1 C. X. Yue,32 A. Yuncu,50b,b A. A. Zafar,61 Y. Zeng,20,n

B. X. Zhang,1 Guangyi Zhang,16 H. H. Zhang,48 H. Y. Zhang,1,47 J. L. Zhang,65 J. Q. Zhang,4 J. W. Zhang,1,47,51

J. Y. Zhang,1 J. Z. Zhang,1,51 Jianyu Zhang,1,51 Jiawei Zhang,1,51 L. Zhang,1 Lei Zhang,35 S. Zhang,48 S. F. Zhang,35

T. J. Zhang,41,i X. Y. Zhang,40 Y. Zhang,57 Y. H. Zhang,1,47 Y. T. Zhang,59,47 Yan Zhang,59,47 Yao Zhang,1 Yi Zhang,9,j

Z. H. Zhang,6 Z. Y. Zhang,64 G. Zhao,1 J. Zhao,32 J. Y. Zhao,1,51 J. Z. Zhao,1,47 Lei Zhao,59,47 Ling Zhao,1 M. G. Zhao,36

Q. Zhao,1 S. J. Zhao,67 Y. B. Zhao,1,47 Y. X. Zhao Zhao,25 Z. G. Zhao,59,47 A. Zhemchugov,28,c B. Zheng,60 J. P. Zheng,1,47

Y. Zheng,37,m Y. H. Zheng,51 B. Zhong,34 C. Zhong,60 L. P. Zhou,1,51 Q. Zhou,1,51 X. Zhou,64 X. K. Zhou,51 X. R. Zhou,59,47

A. N. Zhu,1,51 J. Zhu,36 K. Zhu,1 K. J. Zhu,1,47,51 S. H. Zhu,58 W. J. Zhu,36 X. L. Zhu,49 Y. C. Zhu,59,47 Z. A. Zhu,1,51

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 University Islamabad, Lahore Campus, Defence Road, Off Raiwind Road, 54000 Lahore, Pakistan

9Fudan University, Shanghai 200443, People’s Republic of China
10G. I. Budker Institute of Nuclear Physics SB RAS (BINP), Novosibirsk 630090, Russia
11GSI Helmholtzcentre for Heavy Ion Research GmbH, D-64291 Darmstadt, Germany

12Guangxi Normal University, Guilin 541004, People’s Republic of China
13Guangxi University, Nanning 530004, People’s Republic of China

14Hangzhou Normal University, Hangzhou 310036, People’s Republic of China
15Helmholtz Institute Mainz, Johann-Joachim-Becher-Weg 45, D-55099 Mainz, Germany

16Henan Normal University, Xinxiang 453007, People’s Republic of China
17Henan University of Science and Technology, Luoyang 471003, People’s Republic of China

18Huangshan College, Huangshan 245000, People’s Republic of China
19Hunan Normal University, Changsha 410081, People’s Republic of China

20Hunan University, Changsha 410082, People’s Republic of China
21Indian Institute of Technology Madras, Chennai 600036, India

22Indiana University, Bloomington, Indiana 47405, USA
23aINFN Laboratori Nazionali di Frascati, I-00044 Frascati, Italy

23bINFN and University of Perugia, I-06100 Perugia, Italy
24aINFN Sezione di Ferrara, I-44122 Ferrara, Italy

24bUniversity of Ferrara, I-44122 Ferrara, Italy
25Institute of Modern Physics, Lanzhou 730000, People’s Republic of China

26Institute of Physics and Technology, Peace Avenue 54B, Ulaanbaatar 13330, Mongolia
27Johannes Gutenberg University of Mainz, Johann-Joachim-Becher-Weg 45, D-55099 Mainz, Germany

28Joint Institute for Nuclear Research, 141980 Dubna, Moscow region, Russia
29Justus-Liebig-Universitaet Giessen, II. Physikalisches Institut, Heinrich-Buff-Ring 16, D-35392 Giessen, Germany

30KVI-CART, University of Groningen, NL-9747 AA Groningen, Netherlands
31Lanzhou University, Lanzhou 730000, People’s Republic of China

32Liaoning Normal University, Dalian 116029, People’s Republic of China
33Liaoning University, Shenyang 110036, People’s Republic of China

34Nanjing Normal University, Nanjing 210023, People’s Republic of China
35Nanjing University, Nanjing 210093, People’s Republic of China
36Nankai University, Tianjin 300071, People’s Republic of China
37Peking University, Beijing 100871, People’s Republic of China

38Qufu Normal University, Qufu 273165, People’s Republic of China
39Shandong Normal University, Jinan 250014, People’s Republic of China

40Shandong University, Jinan 250100, People’s Republic of China
41Shanghai Jiao Tong University, Shanghai 200240, People’s Republic of China

42Shanxi Normal University, Linfen 041004, People’s Republic of China
43Shanxi University, Taiyuan 030006, People’s Republic of China

PHYSICAL REVIEW LETTERS 127, 082002 (2021)

082002-2



44Sichuan University, Chengdu 610064, People’s Republic of China
45Soochow University, Suzhou 215006, People’s Republic of China
46Southeast University, Nanjing 211100, People’s Republic of China

47State Key Laboratory of Particle Detection and Electronics, Beijing 100049, Hefei 230026, People’s Republic of China
48Sun Yat-Sen University, Guangzhou 510275, People’s Republic of China

49Tsinghua University, Beijing 100084, People’s Republic of China
50aAnkara University, 06100 Tandogan, Ankara, Turkey

50bIstanbul Bilgi University, 34060 Eyup, Istanbul, Turkey
50cUludag University, 16059 Bursa, Turkey

50dNear East University, Nicosia, North Cyprus, Mersin 10, Turkey
51University of Chinese Academy of Sciences, Beijing 100049, People’s Republic of China

52University of Hawaii, Honolulu, Hawaii 96822, USA
53University of Jinan, Jinan 250022, People’s Republic of China

54University of Manchester, Oxford Road, Manchester M13 9PL, United Kingdom
55University of Minnesota, Minneapolis, Minnesota 55455, USA

56University of Muenster, Wilhelm-Klemm-Strasse 9, 48149 Muenster, Germany
57University of Oxford, Keble Road, Oxford OX13RH, United Kingdom

58University of Science and Technology Liaoning, Anshan 114051, People’s Republic of China
59University of Science and Technology of China, Hefei 230026, People’s Republic of China

60University of South China, Hengyang 421001, People’s Republic of China
61University of the Punjab, Lahore-54590, Pakistan

62aUniversity of Turin, I-10125 Turin, Italy
62bUniversity of Eastern Piedmont, I-15121 Alessandria, Italy

62cINFN, I-10125 Turin, Italy
63Uppsala University, Box 516, SE-75120 Uppsala, Sweden

64Wuhan University, Wuhan 430072, People’s Republic of China
65Xinyang Normal University, Xinyang 464000, People’s Republic of China

66Zhejiang University, Hangzhou 310027, People’s Republic of China
67Zhengzhou University, Zhengzhou 450001, People’s Republic of China

(Received 20 November 2020; revised 21 June 2021; accepted 13 July 2021; published 19 August 2021)

We report a measurement of the observed cross sections of eþe− → J=ψX based on 3.21 fb−1 of data
accumulated at energies from 3.645 to 3.891 GeV with the BESIII detector operated at the BEPCII collider.
In analysis of the cross sections, we measured the decay branching fractions of Bðψð3686Þ → J=ψXÞ ¼
ð64.4� 0.6� 1.6Þ% and Bðψð3770Þ → J=ψXÞ ¼ ð0.5� 0.2� 0.1Þ% for the first time. The energy-
dependent line shape of these cross sections cannot bewell described by two Breit-Wigner (BW) amplitudes
of the expected decaysψð3686Þ → J=ψX andψð3770Þ → J=ψX. Instead, it can be better describedwith one
more BWamplitude of the decayRð3760Þ → J=ψX. Under this assumption, we extracted theRð3760Þmass
MRð3760Þ ¼ 3766.2� 3.8� 0.4 MeV=c2 , total width Γtot

Rð3760Þ ¼ 22.2� 5.9� 1.4 MeV, and product of

leptonic width and decay branching fraction Γee
Rð3760ÞB½Rð3760Þ → J=ψX� ¼ ð79.4� 85.5� 11.7Þ eV.

The significance of theRð3760Þ is 5.3σ. The first uncertainties of these measured quantities are from fits to
the cross sections and second systematic.

DOI: 10.1103/PhysRevLett.127.082002

Themesonswithmass above the threshold of open-charm
(OC) pairs had been considered for more than 25 years to
decay entirely to OC final states via the strong interaction.
Only a few experimental studies of non-OC (NOC) decays

of these mesons had been carried out before the summer of
2002 [1,2]. In July 2003, the BES Collaboration claimed for
the first time that they had observed 7� 3 events of theNOC
final state of J=ψπþπ− [3] in the eþe− collision data taken
with the BES-II detector operated at the BEPC collider at
center-of-mass (c.m.) energies near 3.773 GeV. This obser-
vation started worldwide a new era with the aim to study
rigorously NOC decays of the mesons lying above OC
thresholds. After more than two years of intensive discus-
sion in the particle physics community about whether the
J=ψπþπ− final state is really a decay product of the mesons

Published by the American Physical Society under the terms of
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lying above the lowest OC threshold (3.73 GeV), it has been
accepted that this golden final state is a product of the
ψð3770Þ NOC decays. However, it has not been excluded
that this golden final state may be a decay product of
some other possible structures [4] which was speculated to
exist in this energy region. The discovery of the first
NOC final state of J=ψπþπ− from the meson(s) decays
overturns the conventional knowledge that almost 100% of
the mesons decay into OC final states through the
strong interaction [5]. It stimulated a strong interest in
studying NOC decays of the mesons lying above the OC
thresholds, and it inspired more experimental efforts at the
eþe− experiments to study NOC decays of the mesons
[1,5,6]. In particular, the study of the J=ψπþπ− final state or
a similar final state such asMcc̄XLH [Mcc̄ is a hidden charm
meson such as J=ψ , ψð3686Þ, χcJðJ ¼ 0; 1; 2Þ, and hc,
while XLH refers to any allowed light hadron(s)] and the
μþμ− final state [5,7] leads to the discovery of several new
states [8–11], such as the historically labeled X, Y, and
Z states.
The potential model [12] expects that ψð3770Þ is the

only cc̄ state, which can be directly produced in eþe−
annihilation at energies from 3.73 to 3.87 GeVand decay to
OC pairs with a branching fraction exceeding 99%.
However, the BES found [13–16] about ð16.4� 7.3�
4.2Þ% of ψð3770Þ decaying to NOC final states, which
indicates that the ψð3770Þ may be not a pure cc̄ state or
some unknown structure may exist in the energies around
3.773 GeV [6]. To search for the new structure, as
suggested in Ref. [6], we studied the processes eþe− →
J=ψX (X ¼ πþπ−, π0π0, η, π0, γγ) in the energy region
between 3.645 and 3.891 GeV.
In this Letter, we report a measurement of the observed

cross sections of eþe− → J=ψX based on 3.21 fb−1 of data
taken with the BESIII [17] detector at the BEPCII [17]
collider at 69 c.m. energies ranging from 3.645 to
3.891 GeV. These data correspond to integrated luminosity
of 72 pb−1 of cross-section scan data [18] taken at energies
from 3.645 to 3.891 GeV, 44.5 pb−1 taken at 3.650 GeV,
162.8 pb−1 taken at 3.6861 GeV [19], 2.93 fb−1 taken at
3.773 GeV [20], and 50.5 pb−1 taken at 3.808 GeV.
The BESIII detector and its response are described

elsewhere [21]. Here, we discuss only those aspects that
are specifically related to this study. The production of the
ψð3686Þ and ψð3770Þ resonances are simulated with the
Monte Carlo (MC) event generator KKMC [22]. The decays
of these resonances to J=ψπþπ−, J=ψπ0π0, J=ψη, J=ψπ0,
and γχcJ (J ¼ 0, 1, 2) are generated with EVTGEN [23]
according to the known [24] relative branching ratios
into these final states. To study possible backgrounds,
MC samples of inclusive ψð3686Þ and ψð3770Þ decays,
eþe− → ðγÞJ=ψ , eþe− → ðγÞψð3686Þ, eþe− → qq̄ (q ¼ u,
d, s), and other final states which may be misidentified as
J=ψX are also generated. Here, γ in parentheses denotes the
inclusion of photons from the initial state radiation (ISR).

The observed cross section is determined with

σobsðeþe− → J=ψXÞ ¼ Nobs − Nb

LϵBðJ=ψ → lþl−Þ ð1Þ

at c.m. energy
ffiffiffi
s

p
, where Nobs and Nb are, respectively, the

number of J=ψX events obtained from the data and the
number of background events estimated by MC simula-
tions, L is the integrated luminosity of the data, ϵ is the
efficiency for the selection of eþe− → J=ψX events, and
BðJ=ψ → lþl−Þ is the branching fraction for J=ψ decays
to the lepton pair lþl−.
The J=ψ is reconstructed via the eþe− and μþμ− final

states. Each event is required to have exactly two charged
tracks and more than one photon or to have three or four
charged tracks in the final state. For each charged track, the
polar angle θ in the multilayer drift chamber (MDC) must
satisfy j cos θj < 0.93. For all charged tracks, the distance
of closest approach to the average eþe− interaction point is
required to be less than 1.0 cm in the plane perpendicular to
the beam and less than 10.0 cm along the beam direction.
The electron and the muon can be well separated with the
ratio E=p, where E is the energy deposited in the
electromagnetic calorimeter (EMC) and p is the momen-
tum of the charged track, which is measured using the
information in the MDC. For e� candidates, the ratio E=p
is required to be larger than 0.7, while for μ�, it is required
to be in the range from 0.05 to 0.35. To reject radiative
Bhabha scattering events, the polar angles of the leptons are
required to satisfy j cos θj < 0.81 and the angle between the
two leptons to be less than 179°. The momenta of the
leptons are required to be larger than 1 GeV and less than
0.47 × Ec:m:. To select π� and to reject backgrounds such as
πþπ−KþK− from cc̄ and non-cc̄ state decays and two-
photon exchange processes of eþe− → lþl−KþK−, the
confidence level of the pion hypothesis, calculated based
on dE=dx and time-of-flight measurements, is required to
be greater than that of the corresponding kaon hypothesis.
For the selection of photons, the deposited energy of a
neutral cluster in the EMC is required to be greater than
25 MeV in the barrel and 50 MeV in the end caps. Time
information from the EMC is used to suppress electronic
noise and energy deposits unrelated to the event. To
exclude fake photons originating from charged tracks,
the angle between the photon candidate and the nearest
charged track is required to be greater than 10°. The J=ψX
is reconstructed with the selected tracks and photons.
The number of J=ψX candidates is determined by fitting

the lþl− invariant mass spectra of the events satisfying the
previously described selection criteria. This is illustrated in
Fig. 1, which shows two lþl− invariant mass spectra from
the scan data. The J=ψ resonance is clearly observed. We fit
these mass spectra with a function describing both the
signal and background shapes. The signal shape is
described by the MC-simulated signal shape, while the

PHYSICAL REVIEW LETTERS 127, 082002 (2021)

082002-4



smooth background is modeled by a linear function. The
fits yield the numbers of the candidates for eþe− → J=ψX.
These selected candidate events still contain some back-

ground events, originating from several sources, which
includes (i) eþe− → ðγÞeþe−, (ii) eþe− → ðγÞμþμ−,
(iii) eþe− → ðγÞτþτ−, (iv) eþe− → ðγÞDþD−, (v) eþe− →
ðγÞD0D̄0, (vi) continuum light hadron production, and
(vii) eþe− → ðγÞJ=ψ events. Detailed MC studies of these
backgrounds show that only eþe− → ðγÞJ=ψ → ðγÞlþl−

can be misidentified as eþe− → J=ψX, which is due to
picking up fake photons or unphysical charged track(s).
From these MC studies, we find that the fraction of these
background events misidentified as signal events is
ηmis ¼ ð0.18� 0.02Þ%.With the J=ψ resonance parameters
]24 ] as inputs and considering the energy spread, we extract

the cross section σISRVeþe−→ðγÞJ=ψ ð
ffiffiffi
s

p Þ for eþe− → ðγÞJ=ψ,
which includes both the ISR and vacuum polarization
effects, and we determine Nb ¼ LσISRVeþe−→ðγÞJ=ψ ð

ffiffiffi
s

p Þηmis.

For example, for the data shown in Fig. 1 (right),
σISRVeþe−→ðγÞJ=ψ ð

ffiffiffi
s

p Þj ffiffi
s

p ¼3.7789 GeV ¼ 0.99� 0.04 nb, L ¼
1956.84� 4.65 nb−1, and Nb ¼ 3.5� 0.4.
The efficiencies for the selection of eþe− → J=ψX

decays are determined with MC simulated events for these
decays including the ISR and final-state radiative effects,
where the final states include J=ψπþπ−, J=ψπ0π0, J=ψη,
J=ψπ0, and γχcJ (J ¼ 0, 1, 2) in which χcJ → γJ=ψ
followed by J=ψ → eþe− and J=ψ → μþμ−. All decay
branching fractions are taken from the Particle Data
Group [24]. With the MC samples generated at 69 c.m.
energies ranging from 3.645 to 3.895 GeV, we determine
the corresponding efficiencies. We observe an energy-
dependent efficiency curve increasing smoothly from
58.8% at 3.645 GeV to 60.8% at 3.891 GeV.
With the numbers of candidates for eþe− → J=ψX

selected from the 69 datasets, Nb, L, ϵJ=ψX, and
BðJ=ψ → lþl−Þ, we determine the observed cross sec-
tions at these energies [25]. Table I shows the source of
systematic uncertainty of the cross section. The total
systematic uncertainty is 2.0%.
Figure 2 shows the observed cross sections as circles

with error bars, where the errors are statistical uncertainties

on the observed cross section measurements. The dominant
peak located at ∼3.686 GeV is due to ψð3686Þ decays. The
shape of the cross sections at energies above 3.72 GeV is
not monotonic, indicating that there could be additional
structure at energies between 3.72 and 3.87 GeV similar to
the structure [4] observed by the BES Collaboration.
We analyze the cross sections by performing least-χ2 fits

to the cross sections. The expected cross section is modeled
with

σexpðsÞ ¼
Z ffiffi

s
p

þffiffi
s

p
−

dwGðs;wÞ
Z

1−ðM2
J=ψ=sÞ

0

dxσdressðs0ÞF ðx;sÞ;

ð2Þ

where x is the energy fraction of the radiative photon [26],
s0 ¼ sð1 − xÞ, Gðs; wÞ [14] is a Gaussian function [27]
describing the

ffiffiffi
s

p
distribution of BEPCII, w integrates over

the c.m. energy,
ffiffiffi
s

p
� ¼ ffiffiffi

s
p � 5Δsprd, in which Δsprd is the
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FIG. 1. The invariant-mass distributions of the lþl− pair
selected from data taken at two c.m. energies

ffiffiffi
s

p
, where the

dots with error bars are the number of the observed events, and
the blue solid lines are the fit to these events, while the dashed red
lines show the background.
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FIG. 2. The observed cross sections for eþe− → J=ψX and the
best fit to the cross sections under the assumption that the
ψð3686Þ and ψð3770Þ decays contribute to the cross sections,
where the insets show the enlargement of the subtle region (see
the text for details).

TABLE I. Source of the systematic uncertainties of the ob-
served cross section of eþe− → J=ψX.

Source Uncertainty (%)

cos θ cut 0.4
E=p cut 0.3
pl� 0.2
Cut on number of charged tracks or photons 0.4
Tracking efficiency for pions 0.3
Fitting the invariant-mass spectrum 0.8
Modeling of the MC 0.9
Identification of π� 1.0
Uncertainty of BðJ=ψ → lþl−Þ 0.4 [24]
Background subtraction <0.1
Luminosity measurements 1.0

Total 2.0
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energy spread, σdressðs0Þ is the dressed cross section
including vacuum polarization effects for the J=ψX pro-
duction,MJ=ψ is the mass of J=ψ , andF ðx; sÞ is a sampling
function [26]. We perform the least-χ2 fits to the cross
sections under the two hypotheses discussed below.
Hypothesis A.—Assuming only ψð3686Þ and ψð3770Þ

contributing of the cross sections, we fit the cross sections
with inserting σdressðs0Þ ¼ jAψð3686Þðs0Þ þ eiϕ1Aψð3770Þðs0Þj2
into Eq. (2), where ϕ1 is a phase, Aψð3686Þðs0Þ and
Aψð3770Þðs0Þ are the generic decay amplitudes parameterized
by a relativistic BW (RBW) function Ajðs0Þ ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12πΓee

j Γtot
j Bj

q
=½ðs0 −M2

jÞ þ iMjΓtot
j �, in which the sub-

script j indicates one of these resonances, andMj, Γee
j , Γtot

j ,
and Bj represent, respectively, the mass, leptonic width,
total width, and decay branching fraction to J=ψX of the
resonance. In this fit, the total and leptonic widths of both
the ψð3686Þ and ψð3770Þ resonances and the mass of the
ψð3770Þ resonance are fixed to the values given by the
Particle Data Group [24], while the mass of ψð3686Þ and
the branching fractions for the decays of ψð3686Þ → J=ψX
and ψð3770Þ → J=ψX as well as the phase ϕ1 are left as
free parameters. The fit has two solutions with an identical
fit χ2 ¼ 120.4 for 64 degrees of freedom, which gives
Bðψð3686Þ→J=ψXÞ¼ð64.4�0.6�1.6Þ%, Bðψð3770Þ →
J=ψXÞ ¼ ð0.5� 0.2� 0.1Þ%, and ϕ1 ¼ ð93� 52� 7Þ°
for solution I, where the first uncertainty value results
from the fit and the second uncertainty value is of
systematic origin. Solution II gives Bðψð3686Þ →
J=ψXÞ ¼ ð64.6� 0.6� 1.6Þ%, Bðψð3770Þ → J=ψXÞ ¼
ð2.2� 0.4� 0.6Þ%, and ϕ1 ¼ ð−105� 24� 8Þ°. The sys-
tematic uncertainties on these values have four sources for
Bðψð3686Þ → J=ψXÞ, Bðψð3770Þ → J=ψXÞ, and ϕ1,
which are, respectively, (i) 2.4%, 2.4%, and 0.1% due to
uncertainty of the observed cross sections, (ii) 0.1%, 9.5%,
and 6.0% due to uncertainties of the fixed parameters,
(iii) 0.6%, 27.3%, and 3.4% due to uncertainties on

ffiffiffi
s

p
, and

(iv) 0.0%, 0.7%, and 3.8% due to choosing either the RBW
or nonrelativistic BW (nRBW) function as the decay
amplitudes (see below). Adding these uncertainties in
quadrature yields the total systematic uncertainties. We
choose solution I as the nominal results of the analysis, in
which the ψð3770Þ decay branching fraction is consistent
within its uncertainty with the sum of published branching
fractions, ð0.47� 0.06Þ% [24], of ψð3770Þ → J=ψπþπ−,
J=ψπ0π0, J=ψη, and γχJ with J ¼ 0, 1, 2. The branching
fraction from solution II is larger than the total branching
fraction in Ref. [24] by a factor of about 4. The solid line in
Fig. 2 shows the fit result, while the dashed line shows the
contribution from ψð3686Þ → J=ψX decays. To clearly see
the significant variation of the cross sections at the energies
around 3.773 GeV, we enlarge the partial cross-section data
at energies from 3.72 to 3.85 GeV. The inset Fig. 2(a)
shows the cross sections with the fit, while the inset

Fig. 2(b) shows the cross sections with the fit, for which
the ψð3686Þ contribution is subtracted. The solid line in
Fig. 2(b) corresponds to the fit result of the cross sections
taking into account the ψð3770Þ decay and interference
effects between the ψð3686Þ and ψð3770Þ decay ampli-
tudes. It is clearly illustrated that the fit does not provide a
good description of the cross-section data at energies above
3.72 GeV, indicating that some unknown structure S may
exist in this energy region.
Hypothesis B.—To search for the unknown structure S,

we fit the cross sections with inserting σdressðs0Þ¼
jAψð3686Þðs0Þþeiϕ1Aψð3770Þðs0Þ2þeiϕ2ASðs0Þj2 into Eq. (2),
where ϕ2 is a phase and AS is the decay amplitude of the S,
which is also parameterized by a RBW function ASðs0Þ as
that used in Hypothesis A. Compared to Hypothesis A, the
fit has four additional free parameters:MS, Γtot

S , Γee
S BS, and

ϕ2. The fit has four solutions. However, two of the solutions
almost overlap with the other two, as expected according to
mathematical predictions reported in Ref. [28]. The two fits
have identical χ2 ¼ 82.6 for 60 degrees of freedom. Table II
summarizes the results returned from the fits, where the
first uncertainty value reflects the fit result and the second
uncertainty value is of systematic origin. We choose
solution II as the nominal results of the analysis, because
for the common parameters it is closer to the solution
selected for Hypothesis A. Solution II gives MS ¼
3766.2�3.8�0.4MeV=c2, ΓS ¼ 22.2� 5.9� 1.4 MeV,
and Γee

S BðS → J=ψXÞ ¼ 79.4� 85.5� 11.7 eV. The
large uncertainties on Bðψð3770Þ → J=ψXÞ and
Γee
S BðS → J=ψXÞ are due to parameter correlations. The

correlation coefficients between Γee
S BðS → J=ψXÞ and

Bðψð3770Þ → J=ψXÞ and between Rð3760ÞMS and
Bðψð3770Þ → J=ψXÞ are, respectively, 0.959 and 0.744.
Figure 3 illustrates the fit to the cross sections, where
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FIG. 3. The observed cross sections for eþe− → J=ψX and the
best fit to the cross sections under the assumption that the
ψð3686Þ, S, and ψð3770Þ decays contribute to the cross sections.
The insets show the enlargement of the subtle region in which the
structure S decaying into J=ψX is clearly seen (see the text for
details).
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the solid line shows the fit and the dashed line shows the
contribution from ψð3686Þ → J=ψX decays, while the
inset Fig. 3(a) shows the enlarged cross sections with
the fit and the inset Fig. 3(b) shows the cross sections
with the fit, for which the ψð3686Þ contribution is sub-
tracted. The significant variation of the cross sections
shown in Fig. 3(b) clearly illustrates that two BW decay
amplitudes contribute to these cross sections. We denote S
as Rð3760Þ. The mass and total width of the Rð3760Þ
measured in this work are consistent within uncertainties
with those [4] measured earlier by the BES Collaboration.
Comparing to the fit χ2 ¼ 120.4 for 64 degrees of freedom
from the fit performed under Hypothesis A, increasing four
free parameters in the fit causes the fit χ2 reduced by 37.8,
corresponding to the Rð3760Þ signal significance of 5.3σ.
The parametrization of the resonance slightly affects the

fitted results. Replacing the RBW with the nRBW function
Akðs0Þ ¼ 1=Mk

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3πΓee

k Γtot
k Bk

p
=½ð ffiffiffiffi

s0
p

−MkÞ þ iðΓtot
k =2Þ�

for resonance k, the magnitudes of the fitted parameters for
Hypothesis A change at the level of 10−6 to 3.8 × 10−2,
while these change under Hypothesis B at the level of 10−6

to 2.7 × 10−3. We take the relative shift of the magnitude of
a parameter as a measure of its corresponding systematic
uncertainty due to the different parametrization of the
resonance.
The systematic uncertainties in the fitted parameters

presented in Table II are assumed to originate from four
sources: (i) the uncertainty of the observed cross sections,
(ii) the uncertainties of the fixed resonance parameters,
(iii) the uncertainties of the c.m. energies, and (iv) the
parametrization of the resonance. To estimate these uncer-
tainties, we change the values of the cross sections and the
fixed parameters by �1σ, refit the observed cross sections,
and subsequently take the difference between the refitted
parameter value and the one of the nominal fit result as the
corresponding systematic shift. A similar procedure has

been applied to estimate the systematic error related to
uncertainties on the c.m. energies. In this case, we vary the
c.m. energies with a Gaussian uncertainty of 0.25 MeV in
the resonance energy region, refit the data, and take the
difference of the updated fit parameter value with respect to
the result of the nominal fit as a measure of the systematic
shift. Adding these uncertainties in quadrature yields the
total systematic uncertainty for each parameter.
In summary, we have measured for the first time the

observed cross sections of eþe− → J=ψX at c.m. energies
from 3.645 to 3.891 GeV. We fitted the cross sections with
the sum of the known ψð3686) and ψð3770Þ states and
obtained measurements of Bðψð3686Þ → J=ψXÞ ¼
ð64.4� 0.6� 1.6Þ% and Bðψð3770Þ → J=ψXÞ ¼ ð0.5�
0.2� 0.1Þ% for the first time. The fit quality can be
improved by adding one more structure Rð3760Þ in the
fits. For the mass, total width, and product of the leptonic
width and decay branching fraction of Rð3760Þ, the fit
yields MRð3760Þ ¼3766.2�3.8�0.4MeV=c2, ΓRð3760Þ ¼
22.2� 5.9� 1.4 MeV=c2, and Γee

Rð3760ÞBðRð3760Þ →
J=ψXÞ ¼ 79.4� 85.5� 11.7 eV. The statistical signifi-
cance of the Rð3760Þ is 5.3σ. The mass and total width
of the Rð3760Þ are in very good agreement with the mass
MRð3760Þ ¼ 3762.6� 11.8� 0.5 MeV=c2 and total width
ΓRð3760Þ ¼ 49.9� 32.1� 0.1 MeV=c2 of Rð3760Þ [4]
observed in eþe− → hadrons by the BES Collaboration
at the BES-II experiment.
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