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Cross sections for the reactionse*e™ - K*K-n*n~ ('), K*K-K*K~ (a°),
x*x~a*a= (a°), ppr*x~ (n°) in the energy region
between 3.773 and 4.600 GeV

Ablikim," M. N. Achasov,'”° P. Adlarson,”” S. Ahmed," M. Albrecht,” R. Aliberti,”® A. Amoroso,’*% M. R. An,”
An,63’49 X. H. Bai,57 Y. Bai,48 0. Bakina,29 R. Baldini Ferroli,z’g"1 I. Balossino,%1 Y. Ban,38’k K. Begzsuren,26 N. Berger,28
Bertani,”™ D. Bettoni,”** F. Bianchi,®** J. Bloms,” A. Bortone,”**°* I. Boyko,”” R. A. Briere,” H. Cai,*® X. Cai,"*
Calcaterra,™ G.F. Cao,"” N. Cao,"”* S. A. Cetin,”* J.F. Chang,"* W.L. Chan§,1’54 G. Chelkov,”® D. Y. Chen,®
G. Chen,' H.S. Chen,"”* M.L. Chen,"* S.J. Chen,” X.R. Chen,” Y.B. Chen,"" Z.J. Chen,”™ W.S. Cheng,®*
G. Cibinetto,** F. Cossio,’® X.F. Cui,”® H. L. Dai,"* X. C. Dai,'”* A. Dbeyssi,”” R. E. de Boer,* D. Dedovich,”
Z.Y. Deng,1 A. Denig,”® I. Denysenko,” M. Destefanis,’*®* E. De Mori,***** Y. Ding,” C. Dong,*® J. Dong,"*
LY Don§, SPMLY. Dong,1’49’54 X. D0n§,68 S. X. Du,71 Y. L. Fan,68 J. Fang,l’49 S.S. Fang,l’54 Y. Fang,1 R. Farinelli,24a
L. Fava,"*™%¢ E_ Feldbauer,' G. Felici,”* C. Q. Feng,”>* J. H. Feng,® M. Fritsch, C.D. Fu,' Y. Gao,** Y. Gao,***
Y. Gao,3 vy G. Gao,6 I. Gaurzia,m“’24b P.T. Ge,68 C. Geng,50 E.M. Gersabeck,58 A. Gilman,61 K. Goetzen,11 L. Gong,3 3
W. X. Gong,"* W. Gradl,”® M. Greco,”®* L.M. Gu,”® M. H. Gu,"* S. Gu,”> Y. T. Gu,”” C. Y. Guan,"”* A. Q. Guo,*
L.B. Guo,”* R.P. Guo,”® Y. P. Guo,”™ A. Guskov,” T. T. Han,*' W. Y. Han,** X. Q. Hao,'® F. A. Harris,” N. Hiisken,”***
K. L. He,l’54 F. H. Heinsius,4 C.H. Heinz,28 T. Held,4 Y. K. Heng,1’49’54 C. Herold,5 "ML Himmelreich,“’r T. Holtmann,4
Y.R. Hou,” Z.L. Hou,' H.M. Hu,"”* J.F. Hu,"”™ T. Hu,"*”* Y. Hu,' G. S. Huang,*** L. Q. Huang,** X. T. Huang,"'
Y.P. Huang,1 Z. Huang,38’k T. Hussain,65 W. Ike§ami Andersson,67 Ww. Imoehl,22 M. Irshad,63’49 S. Jae%er,4 S. Janchiv,%‘j
Q.Ji,' Q. P I, X.B.Ji," X. L. Ii,"* Y. Y. Ji,* H. B. Jiang,"' X.S. Jiang,""*** J. B. Jiao,"! Z. Jiao," S. Jin,” Y. Jin,”’
T. Johansson,”” N. Kalantar—Nayestanaki,55 X.S. Kang,33 R. Kappel’[,55 M. Kavatsyuk,55 B.C. Ke,”' LK. Keshk,”
A. Khoukaz,” P. Kiese,” R. Kiuchi,' R. Kliemt,'' L. Koch,® O. B. Kolcu,™**¢ B. Kopf,* M. Kuemmel,* M. Kuessner,”
A. Kupsc,” M. G. Kurth,"** W. Kiihn," J. J. Lane,”® J. S. Lange,” P. Larin,"” A. Lavania,” L. Lavezzi,"**** Z. H. Lei,**
H. Leithoff,”™ M. Lellmann,” T. Lenz,”® C. Li,*’ C. H. Li,** Cheng Li,”* D. M. Li,”' F. Li,"* G. Li,' H. Li,”** H. Li,"’
H.B.Li,"”*H.J.Li,”"J.L. Li,"" J.Q. Li,* J.S. Li,”* Ke Li,' L. K. Li," Lei Li,” P.R. Li,”’ S. Y. Li,”> W. D. Li,"* W. G. Li,!
X.H. Li,”* X.L. Li,"! Xjaoyu Li,"”* Z.Y. Li,”° H. Liang,”** H. Liang,"”* H. Liang,”’ Y.F. Liang,”” Y. T. Liang,”
G.R. Liao,"? L. Z. Liao,"™* J. Libby,”’ C.X. Lin,”” B.J. Liu," C. X. Liu,' D. Liu,*** F. H. Liu,* Fang Liu,' Feng Liu,’
H. B. Liu,"” H. M. Liu,"** Huanhuan Liu,' Huihui Liu,"” J. B. Liu,”*** J. L. Liu,* J. Y. Liu,"”* K. Liu," K. Y. Liu,” Ke Liu,°
L. Liu,”* M.H. Liuv,”” P.L. Liv," Q. Liu,®® Q. Liu,”* S.B. Liu,”** Shuai Liu,*® T. Liu,"* W. M. Liu,”*** X_ Liu,”!
Y. Liv,' Y. B. Liv,* Z. A. Liv,"*”* Z. Q. Liv,*' X. C. Lou,"** F. X. Lu,” E X. Lu,” H.J. Lu,"* J.D. Lu,"** J. G. Lu,"*
X.L. Lo, Y. Lu," Y.P. Lu,"* C.L. Luo,* M. X. Luo,” P.W. Luo,”® T. Luo,”” X. L. Luo,"*’ S. Lusso,** X.R. Lyu,”
F.C. Ma,® H.L. Ma,' L.L. Ma,*y M. M. Ma,"”* Q.M. Ma,' R. Q. Ma,"™* R. T. Ma,”* X. X. Ma,"™* X. Y. Ma,"*¥
F.E. Maas,15 M. Maggiora,“a’66C S. Maldaner,4 S. Malde,61 Q. A. Malik,65 A. Mangoni,23b Y.J. Mao,38’k Z.P. Mao,1
S. Marcello,*®%¢ 7. X. Meng,”’ J. G. Messchendorp,”® G. Mezzadri,”** T.J. Min,”® R. E. Mitchell,” X. H. Mo,"****
Y.J. Mo,® N. Yu. Muchnoi,'"*® H. Muramatsu,” S. Nakhoul,'"" Y. Nefedov,” E. Nerling,'"”" I. B. Nikolaev,'*¢ Z. Ning,"*
S. Nisar,™ S. L. Olsen,”* Q. Ouyang,"**** S. Pacetti,”>*¢ X. Pan,”" Y. Pan,”® A. Pathak,' P. Patteri,”** M. Pelizaeus,’
H.P. Peng,63’49 K. Peters,n'f J. Pettersson,67 J. L. Ping,34 R.G. Ping,l’54 R. Polin ,59 V. Prasad,63’49 H. Qi,63’49 H.R. Qi,52
K.H. Qi,” M. Qi,” T.Y. Qi,” T. Y. Qi,> S. Qian,"* W.B. Qian,”* Z. Qian,”’ C.E. Qiao,”* L. Q. Qin,"> X.P. Qin,’
X.S. Qin,*' Z. H. Qin,"* J.F. Qiu,' S. Q. Qu,* K. H. Rashid,”” K. Ravindran,”' C. F. Redmer,”® A. Rivetti,’® V. Rodin,”
M. Rolo,66C G. Rong,l’54 Ch. Rosner,15 M. Rump,60 H.S. San%,63 A. Sa1r21ntsev,29’d Y. Schelhaas,28 C. Schnier,4
K. Schoenning,67 M. Scodeggio,zé"“’24b D.C. Shan,46 W. Shan,l X.Y. Sheln,63’49 J.E Shangguan,46 M. Shao,63 A3
C.P. Shen,” P. X. Shen,*® X. Y. Shen,"”* H. C. Shi,”** R. S. Shi,"** X. Shi,"*’ X. D. Shi,*** 1. J. Song,"' W. M. Song,*""!
Y. X. Song,*** S. Sosio,”**% S. Spataro,*%* K. X. Su,®® P.P. Su,” E.F. Sui,* G.X. Sun,' H.K. Sun,' J.F. Sun,'®
L. Sun,® S.S. Sun,"”* T. Sun,"”* W. Y. Sun,** W. Y. Sun,”” X. Sun,' Y. J. Sun,”* Y. K. Sun,”** Y. Z. Sun,' Z. T. Sun,’
Y.H. Tan,® Y. X. Tan,”* C.J. Tang,” G.Y. Tang,' J. Tang,” J. X. Ten§,63’49 V. Thoren,”” W. H. Tian,” I. Uman,”*
B. Wang,1 C.W. Wang,35 D.Y. Wang,38‘k H.J. Wang,31 H.P. Wang,l’ * K. Wang,l’49 L.L. Wang,1 M. Wang,41
M. Z. Wang,3 Bk Meng Wang,l’54 W. Wang,50 W.H. Wang,68 W.P. Watng,63’49 X. Wang,3 SCXE Wang,3 'X.L. Wang,g‘h
Y. \’Vang,50 Y. Wan%,63’49 Y.D. Wang,37 Y. F Wang,l’49’54 Y. Q. Wang,1 Y. Y. Wang,31 Z. Wang,l’49 7. Y. Wang,l Ziyi Wang,54
Zongyuan Wang,l’ ‘D.H. Wei,12 P. Weidenkaff,28 F. Weidner,60 S.P. Wen,1 D.J. White,5 U. Wiedner,4 G. Wilkinson,61
M. Wolke,”” L. Wollenberg,* J. F. Wu,"* L. H. Wu,' L. J. Wu,"* X. Wu,”" Z. wu,"* L. Xia,”* H. Xiao,”" S. Y. Xiao,'
Z.J. Xiao,* X. H. Xie,”** Y. G. Xie,"* Y. H. Xie.’ T. Y. Xing,"”* G.F. Xu,' Q.J. Xu,"* W. Xu,"”* X. P. Xu,” Y. C. Xu,™*
F. Yan,g’h L. Yan,g’h W.B. Yan,63’49 W.C. Yan,71 Xu Yan,46 H.J. Yang,42’g H. X. Yang,1 L. Yang,43 S. L. Yang,54
Y. X. Yang," Yifan Yang,"”* Zhi Yang,” M. Ye,"* M. H. Ye,” . H. Yin,' Z. Y. You,” B. X. Yu,"*”* C. X. Yu,”* G. Yu,"”*

M.
Q.
M.
A.

2470-0010/2021/104(11)/112009(12) 112009-1 Published by the American Physical Society



M. ABLIKIM et al. PHYS. REV. D 104, 112009 (2021)

1.S. Yo' T Yu,™ C.Z. Yuan,"** L. Yuan,” X. Q. Yuan,”** Y. Yuan,! Z.Y. Yuan,® C.X. Yue,**> A. Yuncu,”***
A.A. Zafar,” Y. Zeng,zo’1 B.X. Zhang,1 Guan§yi Zhang,16 H. Zhang,63 H. H. Zhang,27 H.H. Zhang,so H. Y. Zhang,l’49
1 Zhang,“ J.L. Zhang,” J. Q. Zhang,” J. W. Zhang,"*** J.Y. Zhang,' J.Z. Zhang,"”* Jianyu Zhang,"**
Jiawei Zhan ,1’ ‘L. Q. Zhan ,50 Lei Zhang,3 S. Zhang,50 S.F. Zhang,35 Shulei Zhang,zo’1 X.D. Zhang,37 X.Y. Zhang,“
Y. Zhamg,6 Y. H. Zhang,l’4 Y. T Zhang,“’49 Yan Zhang,63’49 Yao Zhang,1 Yi Zhang,g’h 7Z.H. Zhan ,6 Z.Y. Zhang,68
G. Zhao,] J. Zhalo,32 J.Y. Zhao ,]’22 J.Z. Zhao,]’49 Lei Zhao,63’49 Ling Zhalo,1 M. G. Zhao,3 Q. Zhao,]

S.J. Zhao,71 Y.B. Zhao,l‘49 Y. X. Zhao,25 Z.G. Zhao,63’49 A. Zhemchu 0V,29’b B. Zheng,64 J.P. Zheng,l‘49
Y. Zheng,Sg’k Y.H. Zheng,54 B. Zhong,34 C. Zhong,64 L.P Zhou,l’54 Q. Zhou,l’5 X. Zhou,68 X. K. Zhou,54 X.R. Zhou,63’49
A.N. Zhu,"* J. Zhu,*® K. Zhu,' K. J. Zhu,"**"* S_H. Zhu,*” T.J. Zhu,”” W.J. Zhu,”" W.J. Zhu,*®
Y.C. Zhu,®** Z. A. Zhu,"** B.S. Zou," and J. H. Zou'

(BESIII Collaboration)

nstitute 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
*Bochum Ruhr-University, D-44780 Bochum, Germany
5Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA
®Central China Normal University, Wuhan 430079, People’s Republic of China
"China 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
*Fudan University, Shanghai 200443, People’s Republic of China
9G.1. Budker Institute of Nuclear Physics SB RAS (BINP), Novosibirsk 630090, Russia
"GSI Helmholizcentre for Heavy lon 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
MHangzhou Normal University, Hangzhou 310036, People’s Republic of China
BSHelmholt; Institute Mainz, Staudinger Weg 18, D-55099 Mainz, Germany
Henan Normal University, Xinxiang 453007, People’s Republic of China
""Henan University of Science and Technology, Luoyang 471003, People’s Republic of China
18Huangshcm College, Huangshan 245000, People’s Republic of China
YHunan Normal University, Changsha 410081, People’s Republic of China
“Hunan University, Changsha 410082, People’s Republic of China
Indian Institute of Technology Madras, Chennai 600036, India
2diana University, Bloomington, Indiana 47405, USA
INFN Laboratori Nazionali di Frascati, 1-00044 Frascati, Italy
°INFN Sezione di Perugia, 1-06100 Perugia, Italy
230University of Perugia, 1-06100 Perugia, Italy
BUNFEN Sezione di Ferrara, 1-44122 Ferrara, Italy
24bUniversity of Ferrara, 1-44122 Ferrara, Italy
B nstitute of Modern Physics, Lanzhou 730000, People’s Republic of China
Institute of Physics and Technology, Peace Avenue 54B, Ulaanbaatar 13330, Mongolia
1 Jilin University, Changchun 130012, People’s Republic of China
2 Johannes Gutenberg University of Mainz, Johann-Joachim-Becher-Weg 45, D-55099 Mainz, Germany
2 Joint Institute for Nuclear Research, 141980 Dubna, Moscow region, Russia
3OJustus—Liebig—Universitaet Giessen, II. Physikalisches Institut, Heinrich-Buff-Ring 16,
D-35392 Giessen, Germany
' Lanzhou University, Lanzhou 730000, People’s Republic of China
32Liaoning Normal University, Dalian 116029, People’s Republic of China
33Lia(ming 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
Nankai University, Tianjin 300071, People’s Republic of China
'North China Electric Power University, Beijing 102206, People’s Republic of China
38Peking University, Beijing 100871, People’s Republic of China
Qufu Normal University, Qufu 273165, People’s Republic of China
4OShandong Normal University, Jinan 250014, People’s Republic of China
41Shandong University, Jinan 250100, People’s Republic of China

112009-2


https://orcid.org/0000-0002-2028-7286

CROSS SECTIONS FOR THE REACTIONS ... PHYS. REV. D 104, 112009 (2021)

42Shanghai Jiao Tong University, Shanghai 200240, People’s Republic of China
¥ Shanxi Normal University, Linfen 041004, People’s Republic of China
“Shanxi University, Taiyuan 030006, People’s Republic of China
Y Sichuan University, Chengdu 610064, People’s Republic of China
*Soochow University, Suzhou 215006, People’s Republic of China
*"South China Normal University, Guangzhou 510006, People’s Republic of China
BSoutheast University, Nanjing 211100, People’s Republic of China
Y State Key Laboratory of Particle Detection and Electronics,
Beijing 100049, Hefei 230026, People’s Republic of China
Sun Yat-Sen University, Guangzhou 510275, People’s Republic of China
S Suranaree University of Technology, University Avenue 111, Nakhon Ratchasima 30000, Thailand
52Tsinghua University, Beijing 100084, People’s Republic of China
“*Turkish Accelerator Center Particle Factory Group,
Istanbul Bilgi University, 34060 Eyup, Istanbul, Turkey
Near East University, Nicosia, North Cyprus, Mersin 10, Turkey
54University of Chinese Academy of Sciences, Beijing 100049, People’s Republic of China
PUniversity of Groningen, NL-9747 AA Groningen, The Netherlands
56University of Hawaii, Honolulu, Hawaii 96822, USA
57University of Jinan, Jinan 250022, People’s Republic of China
58University of Manchester, Oxford Road, Manchester M13 9PL, United Kingdom
59University of Minnesota, Minneapolis, Minnesota 55455, USA
60University of Muenster, Wilhelm-Klemm-Strafie 9, 48149 Muenster, Germany
"University of Oxford, Keble Road, Oxford, United Kingdom OX13RH
62Um'versity of Science and Technology Liaoning, Anshan 114051, People’s Republic of China
63University of Science and Technology of China, Hefei 230026, People’s Republic of China
64University of South China, Hengyang 421001, People’s Republic of China
S University of the Punjab, Lahore-54590, Pakistan
663University of Turin, 1-10125 Turin, Italy
University of Eastern Piedmont, I-15121 Alessandria, Italy
SINFN, 1-10125 Turin, Italy
67Uppsala University, Box 516, SE-75120 Uppsala, Sweden
*Wuhan University, Wuhan 430072, People’s Republic of China
69Xinyang Normal University, Xinyang 464000, People’s Republic of China
7OZhejiang University, Hangzhou 310027, People’s Republic of China
7IZhengzh0u University, Zhengzhou 450001, People’s Republic of China

53b

66b

® (Received 28 September 2021; accepted 2 December 2021; published 28 December 2021)

Using the data samples collected in the energy range from 3.773 to 4.600 GeV with the BESIII detector
at the BEPCII collider, we measure the dressed cross sections as a function of center-of-mass energy for
ete” - K*K atn (7)), K" K" KTK~(2°), ntn~ntn (2°), and ppatzn= (). The cross sections for
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ete” - KYK~K*K~n°, pprtna(z°) are the first measurements. Cross sections for the other five
channels are much more precise than previous results in this energy region. We also search for charmonium
and charmonium-like resonances, such as the Y(4230), decaying into the same final states. We find
evidence of the y(4040) decaying to z "z~ z" 7~ z° with a statistical significance of 3.6¢. Upper limits are
provided for other decays since no clear signals are observed.

DOI: 10.1103/PhysRevD.104.112009

I. INTRODUCTION

The energy region above open-charm threshold provides
a place to test and develop quantum chromodynamics
(QCD). In the past decade, a series of charmonium-like
states [1] were observed, such as the Y(4260) state
discovered by the BABAR collaboration through the
initial-state radiation (ISR) process yra 'z~ J/y [2],
and confirmed by CLEO [3], Belle [4] and BESIII [5] in
the same process. A recent precise measurement of ete™ —
ata~J/y [6] shows that the Y(4260) consists of two
resonances; the narrower resonance at lower mass is called
Y (4230). The Y(4230) has also been reported by BESIII in
the study of the ete™ — wy, [7], #tn~h. [8], and
7t DYD*~ [9] cross sections.

Contrary to the conventional charmonium states, the
Y (4230) strongly couples to zzJ /y [6,9]. This is also true
for other Y states, e.g. ¥(4360) and Y (4660). The discov-
eries of those exotic particles have prompted further
investigations of the center-of-mass (c.m.) energy-
dependent cross sections [10]. To explore the nature of
these exotic particles, a variety of decay modes have
been studied, such as open-charm processes [D(*)D(*)
[11-14], DWDWz [13,15], DD,*(2460) [16] and
DYDY [13,17]], and transitions to other charmonium
states [z 7~ J )y [18], 2°2°J /w [19], nJ /w [20], z* 7~ h,
[21], z7 2~ w(3686) [22] and wy .o [23]]. Many light hadron
final states (K"K ntn~ [24,25], Kt K" KtK~ [24-26],
atamnta [24], ¢f(980) [27], K*K n [28], KK~ x°
(28], KYK* 7T [28], pp [29], etc.) have also been studied.
However, no light hadronic decays of the Y states or
conventional charmonium resonances above 4 GeV have
yet been observed [24-29]. The continued search for light
hadron decays may help clarify the nature of exotic states
and charmonium resonances [30,31].

To study charmonium and charmonium-like particles,
the BESIII detector has collected the world’s largest data
samples in the energy region between 3.773 and
4.600 GeV. Based on those datasets, we analyze the dressed
cross sections for the processes e*e™ — KK~ ntx~ (),
K*K~K*K=(2°), nta~nt 2 (2°), and ppr*tn=(2°) and
search for possible structures, such as charmonium or Y
states, in the line shapes of the ete™ cross sections.

This paper is organized as follows. In Sec. II, we describe
the BESIII detector. The data and Monte Carlo (MC)
samples are introduced in Sec. III. In Sec. IV A, we describe
the requirements for the selection of signal events. In

Sec. IV B, we present the measurement of the number of
background events. The determination of €’ and x are
described in Secs. IV C and IV D, respectively. Section V
discusses systematics uncertainties and a summary is
presented in Sec. VL.

II. DETECTOR

The BESIII detector is a magnetic spectrometer [32]
located at the Beijing Electron Positron Collider (BEPCII)
[33]. The cylindrical core of the BESIII detector consists of
a helium-based multilayer drift chamber, a plastic scintil-
lator time-of-flight system (TOF), and a CsI(Tl) electro-
magnetic calorimeter (EMC), which are all enclosed in a
superconducting solenoidal magnet providing a 1.0 T
magnetic field. The solenoid is supported by an octagonal
flux-return yoke with resistive plate counter muon identifier
modules interleaved with steel. The acceptance of charged
particles and photons is 93% over 4z solid angle. The
charged-particle momentum resolution at 1 GeV/c is
0.5%, and the dE/dx resolution is 6% for the electrons
from Bhabha scattering. The EMC measures photon
energies with a resolution of 2.5% (5%) at 1 GeV in the
barrel (end cap) region. The time resolution of the TOF
barrel part is 68 ps, while that of the end cap part is 110 ps.
The end cap TOF system was upgraded in 2015 with
multigap resistive plate chamber technology, providing a
time resolution of 60 ps [34]. This improvement affects
57% of the data used in this work.

ITII. DATA AND MONTE CARLO SAMPLES

In this work, we analyzed the datasets taken at c.m.
energies from 3.773 to 4.600 GeV. Measurements of c.m.
energies and luminosities are described elsewhere [35,36].

The response of the BESIII detector is modeled with MC
simulations using the software framework BOOST [37]
based on GEANT4 [38], which includes the geometry and
material description of the BESIII detectors, the detector
response and digitization models, as well as a database that
keeps track of the running conditions and the detector
performance.

The signal MC samples at all c.m. energies are generated
with a phase space (PHSP) model. The inclusive MC
samples generated at different c.m. energies are used to
study the potential backgrounds. The inclusive MC samples
consist of the production of open charm processes, the ISR
production of vector charmonium states, and the continuum
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processes incorporated in KKMC [39]. The known decay
modes are modeled with EVTGEN [40] using branching
fractions taken from the Particle Data Group (PDG) [41],
the remaining unknown decays from the charmonium states
with LUNDCHARM [42], and the cross sections for the open
charm final states are cited from [43—47]. The final-state
radiation (FSR) from charged final state particles are
incorporated with the PHOTOS package [48]. As described
in Sec. IV B, some “peaking backgrounds” could pass our
selection requirements. MC samples for those processes are
generated for the study of distributions and misidentifica-
tion rates.

IV. MEASUREMENTS OF CROSS SECTIONS

For a given c.m. energy E.,, the dressed cross
sections for et*e”™ - K*K-ntn(2°), K*K-K*K~(z"),

atantn(a°), and pprta(a°) are given by
Nobs _ kag
o= 5 (1)
Le’k

where N°* is the number of candidate signal events
observed in the data sample, Nke is the number of
background events, L is the integrated luminosity of the
data collected at E,,, € is the reconstruction efficiency
without considering ISR, and x is the correction factor
describing the effect of ISR [49].

A. Selection of signal events

For each channel, all final state particles are recon-
structed. To ensure each track originates from the e*e™
collision point, the tracks must satisfy V, < 1.0 cm and
|V.] < 10.0 cm. Here V, is the distance between the
charged track and the beam axis in the r-¢ plane, and
|V.| is the coordinate of the charged particle production
point along the beam axis. The polar angles of charged
tracks are required to satisfy |cos | < 0.93. Exactly four
good tracks satisfying these criteria are required.

For the final states with a z°, we reconstruct =
candidates through 7° — yy. Showers must have energy
greater than 25 MeV in the barrel region (| cos 8] < 0.80) of
the EMC and greater than 50 MeV in the end caps
(0.86 < | cos @] < 0.92). Showers must have timing within
700 ns of the event start time. For K"K z"z~ and
K*K~n"n 7" final states, we apply particle identification
based on dE/dx and TOF measurements to reduce multiple
combinations of particle hypotheses within candidate
events. We require the kaon candidates have a higher
probability to be kaons than pions. Only pion and kaon
hypotheses are compared because these are the most
serious sources of misidentification.

A kinematic fit is applied to candidate events. For
signal channels without (with) a 0, we perform a four-
constraint (five-constraint) kinematic fit to the known initial

0

TABLE I. Summary of the cuts applied to the two-body and
three-body invariant mass distributions.

Final state Cut

ete” > KYKntn~ My — My, | > 15 MeV/c?
Mg+ — Mp| > 20 MeV/c?
My — My, | > 15 MeV/c?
M- — My 05)| > 20 MeV/c?
ete” - pprta M, — M| > 15 MeV/c?
|MPI3 - Ml//(ZS)‘ > 20 1\/[6\7/62
Mg — M, | > 50 MeV/c?
Mg+ — Mp| > 20 MeV/c?
|M - _MK?‘ > 30 MeV/c?
ete” -t atnal |M i — My, | > 15 MeV/c?
M- =M, | > 50 MeV/c?

|M - = Mgo| > 30 MeV/c?

|M gt gm0 = My, | > 15 MeV/c?

ete” s ataatn

ete” > KtKntna®

four-momentum (and 7z° mass). We require that the y?
of the kinematic fit is less than 50. If more than one
combination per mode satisfies the above selection require-
ments, only the one with the least y° is kept.

Background events from the two-photon processes
ete” — ete” + hadrons, together with ete™ — (y)eTe™
are rejected using the ratio Eryc/ p for each charged track,
where Egyc is the energy deposited in the EMC and p is
the momentum of the charged track. For candidate events
from the processes ete”™ - KT"K ntn ,KTK-KTK~,
atn ata and 2t~ ata a0, it is required that each track
have an Egyc/p less than 0.8. The gamma conversion
backgrounds are rejected by applying cuts to 0.+ .-, which is
the opening angle between all z*z~ pairs. For candidates
events of ete™ - K"K~z n~,atn ntn and pprtna, it
is required that cosf,+,- < 0.9. To reduce systematic
uncertainty, the distributions of Egyc/ p and cos 0+ .- from
MC samples have been corrected according to data. Here the
MC sample is the PHSP MC reweighted with the amplitude
analysis results, which will be described in Sec. IV C. The
correction factor is determined using a control sample of the
signal process. The distributions of Egyc/p and 6, ,- from
all the other channels are checked as well but no obvious
backgrounds are found.

We next check for backgrounds in two-body and three-
body invariant mass distributions within each final state.
There are obvious backgrounds from J/y, w(2S), y., D
and K? decays. Those backgrounds are removed with the
requirements summarized in Table I.

B. Background study

Our selected candidate events include both signal events
as well as misidentified background events from
other processes. Potential background sources include
ete” = (y)ete™, eTe” = ()utu-, ete = (y)r'e,

112009-5



M. ABLIKIM et al.

PHYS. REV. D 104, 112009 (2021)

eTe™ — hadrons. To study such backgrounds, we analyzed
the inclusive MC generated at 4.226 GeV using the same
selection requirements for data. Such studies show that there
are two types of background. The first is from D and J/y
decays, where the final states are the same as the signal
channel. For example, ete™ — DD, D° — K=+, D" —
K*n~ is background process for eTe” — KT K ntz™.
Although we have applied requirements to veto that back-
ground, there are still residual events left. The distributions of
the y? from the kinematic fit are almost the same as those for
the signal events; we call this the “peaking background.” The
second type of background is from processes where the final
states are different from the signal channel. In this case, the y>
distributions of these processes are also different than signal;

10° 10*
v
gy = 10°
219 2 10°
g 10 5]
o 10f o °f
1F 1
107 = : : 10" : :
0 50 100 150 200 0 50 100 150 200
X x
10°
- 10° © - 10°F @
P P
= =
[} [}
> >
w w
1 i N N -1 L s
0% 50 100 150 200 Y0 50 100 150 200
X x
10°F 10°
~ 10°F (e - ®
w 10° w 10
S AP Tt © ’W e
o 10f Tl SO0 F
10-1 iz n n 1 - L ST
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- _ 10'F (h)
P 2 1Tk
= T 10°F T
5 A PR
w w
1F 1F-
10" : : 107 b= : :
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FIG. 1. The fit to the y? from the kinematic fit for (a) ete™ —

K"K ntn=,(b)ete” - KTK"KTK~,(c) ete™ - ntnrntn,
(d) eTe” = pprata~, (e) ete” - KYK-ata %, (f) ete” —
K"K K*K 7% (g) ete” » ntantn 2% and (h) efe” —
pprtaa° at 4.226 GeV. To evaluate the goodness of those fits,
we check the 2 /ndf of those plots, whichare 1.75, 1.16, 1.54, 1.18,
1.59, 1.03, 1.36, and 1.50, respectively. The number of background
in y? signal region, which would be subtracted when calculating the
cross section, is obtained from this fit. The blue dashed line shows
the distribution from signal MC. The pink dash-dotted lines and red
dotted lines show the distribution from peaking and nonpeaking
backgrounds, respectively. The green dashed line shows the signal
region.

we refer to this background as “nonpeaking background.”
To estimate the number of nonpeaking background events, a
fit is performed to the y* from the kinematic fit.

Figure 1 shows the fit to the y? at 4.226 GeV. The signal
shape is from signal MC simulation. The distribution of
peaking background is from peaking background MC, the
number of which is fixed according to previously measured
cross sections [50,51] and reconstruction efficiency deter-
mined with MC simulation. The contamination rates from
peaking backgrounds are less than 0.8% for all signal final
states. The shape of the nonpeaking background is obtained
from inclusive background MC samples, and the number of
nonpeaking background is allowed to float. From this fit,
the number of nonpeaking background events in the signal
region (y> < 50) is obtained.

C. Reconstruction efficiency

In the two-body and three-body invariant mass distribu-
tions, there are many intermediate states, such as p, o,
¢,n,a,b, f,K*,N,\,A. Final states with these various

w1 (a) v 1 (b)
% 05f % osf
+
eyt A 4
% 0.05 0.1 % 0.05 0.1
X X
v © v (@
¥ 05} ¥ 05F
s thyt "y
% 0.05 0.1 % 0.05 0.1
X X
v 1 © v 1 ()
¥ 0.5F X 05f
: f,
0 + + O ’3
0 0.05 0.1 0 0.05 0.1
X X
TR ® w1 (h)
T osf T o5F )
4 A 1
% 0.05 0.1 % 0.05 0.1
X X
FIG. 2. The distribution of ¢(x)/e® for (a) efe™ —
K"K ntn=, (b) etee ->K'KK'K-, (¢) ete —

ataata=, ) ete” = pprata~, (e) ete - KT K-t a0,
(f) ete” - KTK KK 7% (2) ete” »antnatn 2’ and
(h) ete” — ppatn~a° at 4.226 GeV. Points with error bars
show the ¢(x)/e determined using signal MC. The red lines
show the fit to the distributions. To evaluate the goodness of those
fits, we check the ;(z/ndf of those plots, which are 0.67, 1.13,
1.13, 1.30, 0.64, 1.00, 0.60, and 1.56, respectively.
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TABLE 1L

Summary of the c.m. energies and luminosities of datasets, together with the dressed cross sections for

ete” - KYK nta (a°), K* K- K*K~(2°), ntnnta(7°), pprtn(2°) in the energy region between 3.773 and 4.600 GeV. Errors

are statistical only.

o (pb)
E. (GeV) L (pb™") KYK zn"zn~ K'K K'K™ ztzata~ pprta~ KtK ntn 72’ KYK"KTK 7° atantnn° ppantana°
3.773 2931.8 1222+04 214+£02 17204+04 389+02 191.2+0.6 72+£0.2 770+ 04 59.6+03
3.808 50.5 1202+3.1 199+£1.6 173.0+33 37.0+£14 1855+£45 65+14 80.0£3.1 572+25
3.867 108.9 1045+2.0 180+1.0 1554+2.1 349+09 1665+29 7.8 £1.0 7044+£2.0 556=+1.6
3.871 1103 1043+2.0 163+09 1503 £2.1 343+09 1654+29 74+£1.0 71.1+£2.0 553+1.6
3.896 526 104.8+2.8 190+15 1473+3.0 33.2+1.3 1654442 65+13 64.1+2.7 523423
4.008 4820 852+08 154+05 1198409 26.1+£04 1440+1.3 6.6 04 624409 48.7+0.7
4.085 529 7214+£23 132+£12 1046+2.6 21.9+10 1328 +3.7 38+1.3 563+25 429421
4.129 3934 67.6+0.8 125+05 995+£09 21.84+04 1194413 59+£05 484+0.8 41.24+0.7
4.158 4069 665+0.7 13.0+05 9484+09 208+04 115112 6.6 £0.5 45.7+0.8 4024+0.7
4.178 31945 66.1£03 12.6+£0.1 912403 203£0.1 116.8£0.5 59+0.2 448+03 403403
4.189 433 650+24 126+13 933+27 21.6+1.1 111.0£3.7 50£15 445+25 375421
4.189 5246 660+0.7 115403 922+0.7 199+0.3 112.1+1.1 57+04 438+0.7 39.6+0.6
4.199 5260 62.6+£0.7 11.84+03 87.5+0.7 194+£03 113.8+1.1 5.7+04 43.1£0.7 39.1+0.6
4.208 550 609+21 11.1+1.0 934423 198+£1.0 1159+34 49+1.2 448+22 409+1.9
4.209 5180 6344+0.7 1224+03 853+£0.7 196403 1089+ 1.1 53£04 41.8+0.7 38.7+0.6
4.217 546 626+21 114+£10 850+22 208+10 112.6£33 56+£1.2 444+22 384+1.9
4.219 5146 60.8+0.7 12.14+03 88.8+0.7 18.8+0.3 1093+ 1.1 51+£04 41.1£0.7 36.7+0.6
4.226 445 650+24 135+13 856+24 184+10 1143+3.7 56+13 43.1+24 404 +2.1
4.226 10564 6244+05 11.9+02 88.1+£0.5 182+0.2 109.9+0.7 5.0+03 428+05 382404
4.236 5303 596+0.6 11.84+£03 86.1+£0.7 1944+0.3 109.1 1.1 55+£04 414+0.7 382+0.6
4.242 559 598+£20 10710 842+22 1744+£09 1049+3.2 47+ 1.1 41.0+2.1 373+1.8
4.244 538.1 59.1+0.6 11.84+03 82.6£0.7 189+0.3 106.0+1.0 52+04 41.5+0.7 36.7+0.6
4.258 8284 586+05 11.3+£02 83.1+0.5 180+02 1059+0.8 47+0.3 40.84+0.5 383+0.5
4.267 531.1  551+£0.6 11.1+03 81.6+0.7 18.0£0.3 104.1+1.0 46+04 39.7+£0.6 36.7+0.6
4.278 1757 554+1.1 112406 802+13 16.8+0.5 102.0+1.8 39+0.6 383+ 1.1 356£1.0
4.288 4915 551+06 1054+£03 771+£07 17.3+£03 99.1+1.0 6.0+04 3794+0.7 347+0.6
4.308 451 533+21 109+£12 773+23 17110 951+£33 35+£1.2 380+£23 338+1.9
4312 492.1 530+06 102+03 744+0.7 16.8+£03 953+1.0 54+£04 37.7£06 349+0.6
4.338 501.1 506+0.6 98+03 727+£06 159+03 944+1.0 52+04 383+£06 342+006
4.358 5439 508+0.6 100+03 712406 150£03 928409 46+04 36.7£0.6 329+0.5
4.378 522.8 46.7+0.6 98+03 70.1£06 148+0.3 90.24+0.9 50+£04 364+06 33.6+£0.6
4.387 556 467+18 102£09 67.8+2.0 145+£08 935+3.0 444+1.1 37.0£20 334+1.7
4.397 505.0 462+06 924+03 67.1£06 144+03 90.0+1.0 52+£04 348+0.6 30.8+£0.6
4.416 46.8 48.0+20 98+1.0 665+2.1 13.1+0.8 874+3.1 47+12 347+2.1 326+1.8
4416 10439 466+04 88+02 634+04 143+£02 87.8+£0.7 44+0.2 33.0+£04 323+£04
4.437 568.1 460+0.5 93+02 64.1+£06 142+02 86.0+0.9 50403 3204+0.6 31.1£05
4.467 111.1  415+1.1 85+0.6 603+14 134+£05 83.5+2.0 4.14+0.7 311 +£1.2 29.7+1.1
4.527 1121 41.7+1.1 72+£06 557+13 1294+£05 77.6+£19 34+0.7 2044+1.2 263+1.1
4.575 489 358+17 65+£08 502+18 11.3+£08 735+£28 32+1.1 2544+1.8 28.7+1.7
4.600 5869 362+05 7.1+£02 494+£05109+02 724408 3.6 0.3 26.54+0.5 258=£0.5

resonant intermediate states are also signal processes. To
determine the reconstruction efficiency more accurately, we
need to consider the relative contributions from those
processes. Using the AMPTOOLS [52,53] package, ampli-
tude analyses are performed to some of the large data
samples (at 3.773, 4.008, 4.226, 4.258, 4.358, 4.416 and
4.600 GeV), together with MC samples generated at the
same energy points. Relative amplitudes of different
intermediate states yielding each final state are determined
from these analyses. We use the ratios obtained from

4.226 GeV in the determination of reconstruction efficien-
cies for all the energy points. Differences in these amplitude
ratios are considered as a source of systematic error, based
on possible small variations from other datasets with large
statistics.

Weights are assigned to PHSP signal MC event by event
according to ratios of squared amplitudes. Applying the
same selection requirements as used in data analysis, the
MC efficiencies €° are determined from signal MC samples
without ISR.

112009-7



M. ABLIKIM et al.

PHYS. REV. D 104, 112009 (2021)

D. ISR corrections

The ISR effect is considered using the factor «, which is
defined as

:ﬁ / o(s')e(x)W(x, s)dx, 2)

K

where s = E2,,, x is the radiative photon energy fraction,
s’ = s(1 = x), W(x, s) is the radiator function [49] and ¢ is
the dressed cross section corresponding to x = 0.

Applying the same selection requirements as those
applied to the data, ¢(x) is determined by analyzing signal
MC samples with ISR. The distribution of ¢(x)/e® for every
channel at 4.226 GeV, together with the fit to error function,
is shown in Fig. 2. Inserting ¢(x) into Eq. (2), we calculated
the factor «.

E. Dressed cross section

Inserting the number of observed signal events, the
number of peaking and nonpeaking backgrounds events,
the luminosity of the data sample, the reconstruction effi-
ciency, and the radiative correction factor into Eq. (1),
we obtain the dressed cross section for ete™ —
K*K nta (2°), KTK"KTK~(x°), nta~ntz2(2°) and
pprta=(z°) at each energy point. These cross sections
are summarized in Table II, where the errors are statisti-
cal only.

F. Analysis of dressed cross section

A least y? fit is applied to those dressed cross sections.
The function to be minimized is

o Z: <0(Ecm) _ Gexpected(Ecm)>2, 5)

Aok

where ¢®*Ped(E_ ) is the theoretically expected dressed
cross section, 6(E.,) is the measured value of the dressed
cross section with combined statistical and uncorrelated
systematic error A, ) at the ith energy point, and N is the
number of data samples collected at different energy points.

First, we consider the expected dressed cross section of

the continuum process:

d
ngﬁtecw = |Acont | 2 ’ (4)

where A, 1s the amplitude of the continuum process,

A — fCOI'l[
cont (Eem/4.226 GeV)™

(5)

and where E_,, is the c.m. energy, f.,, and n are floating
parameters in the fit. Results from these fits, which only

consider the contribution from the continuum process, are
shown in Fig. 3 and listed in Table III.

1. Branching fraction of y(4040) —» n*n~n*n~n"

For the dressed cross section of ete™ —» ztz 77 70,

we also constructed a fit amplitude including a contribution
from y(4040) decay:

expected o ih12
"cznt+.,/(4o40) = |Acont + Ay a0a0)€ . (6)

where ¢ is the relative phase, and A, (4040) 1s a Breit-Wigner
for the production of the y(4040):
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FIG. 3. Fits to dressed cross sections for (a) eTe” —

K"K ntn=,(b)ete K" K"K"K~,(¢c) ete” - ntnntrn,
(d) ete = pprta, (e) ete” » KtK-ata % (f) ete” —
K*K"KTK 7% (g) ete” > ataa a2’ and (h) efe” —
pprta~x° only considering contribution from continuum proc-
ess. Points with error bars show the measured dressed cross
sections. The red lines show the fit results.
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TABLE IIIl.  Summary of fit results considering only the contribution from the continuum process. The first errors
are statistical and the second systematic.

Final state 22 /ndf Foont (GeV" /pb) n

K K ntn~ 1.24 60.65 +0.19 £2.97 6.24 £ 0.07 £ 0.01
K"K~KTK~ 0.78 11.59 +0.08 £ 0.57 5.36 £0.14 £ 0.01
VAR aF AN 1.11 85.94 +£0.25 +4.38 6.36 £+ 0.06 £ 0.01
pprta 0.89 18.88 £ 0.08 + 0.83 6.43 +0.09 £ 0.01
K*K -t n° 1.11 108.72 £ 0.25 £5.11 497 £0.05 £0.01
KT*K~K*K~n° 1.07 529 £0.07+£0.33 3.08 £0.26 £0.01
A b o aF o 1.06 4244 +£0.21 £2.37 5.544+0.11 £0.01
pprtaad 1.23 3791 £0.12£1.74 4.11 £0.07 £0.01

\/ 1271 040 TS840 BF (3 (4040) — =2 27 12")

Aw(4o40) =

where M\, (4040)> Ty ( 4040) and e (4040) A€ the mass, the total

width, and the leptonic width of the w(4040). In this fit, the
values of F;‘j(‘jlmo and I v(4040) ArE fixed according to the
PDG listings [41]. The fit has two solutions with equally
good fit quality, while the phases and the branching
fractions are different. The fit is shown in Fig. 4, and
the fit parameters are listed in Table TV.

Compared to the previous fit result listed in Table III, the
number of free parameters is increased by 2
[BF( (4040) - zta nta~x°) and ¢] and the value of
the y? is reduced by 16.0, which corresponds to a statistical
significance of 3.6c.

2. Upper limits of Y (4230) decays

Furthermore, we search for decays of the charmonium-
like resonance Y (4230) into those same final states, and

100
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50
40
30
20

o (pb)

““““““““““““““““““““

10
3.7 38 39 4 41 42 43 44 45 46

Ecm (GeV)

FIG. 4. Fit to dressed cross sections for ete™ — zt 7=zt 7220
considering contribution from continuum process, w(4040)
decay and interference between them. Points with error bars
show the measured dressed cross sections. The red curve shows
the fit result. The dashed red curve shows the contribution from
continuum process.

(Eén—M y/(4040)) + lr“’(imo) My (4040)

; (7)

TABLE IV. Summary of fit results for the z+tz~z+zz° final
state, including the continuum process, y(4040) decay, and
interference between them. The first errors are statistical and
the second systematic.

Parameter Solution 1

% /ndf 0.67

Seont (9.13 £ 1.67 £0.72) x 10* GeV"/pb

n 5.33£0.13 £ 0.02
BF(y(4040) — (3.51 £1.89 £ 1.24) x 1073
rtr a0

¢ (109.73 + 14.04 +3.81)°

Parameter Solution 2

% /ndf 0.67

Seont (9.13 £ 1.67 £0.72) x 10* GeV"/pb

n 5.33+£0.13+£0.02

BF(y/(4040) — (2.41 = 0.05 = 0.79)%
VA aF o aF &)

p (267.70 + 0.44 + 9.53)°

TABLE V. Summary of upper limits of Y(4230) decays at
90% confidence level.

Final state T¥as0) ¥ BF(Y(4230) — Final state)(eV)
K"K ntn™ < 19.7035
K*K~K'K~ < 3.8400
rtnntn < 31.9727
pprtrm < 7.2372
K"K nta z° < 43.3625
KTK-KTK~z° < 2.1206
atnatn < 16.0925
pprataa° < 14.8893
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TABLE VI. Summary of systematic uncertainties of the cross sections (in units of %). The uncorrelated systematic uncertainty is
marked by *.

Source K'K z'a~ K'KK'K~ a'aztz~ pprta~ KK atn 2’ KK KK 72’ ztnatnn’ ppatan°
Tracking 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0

79 reconstruction . e e e 2.0 2.0 2.0 2.0
Luminosity 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Egme/p < 0.8 0.1 0.1 0.1 0.1
€080+~ < 0.9 0.1 e 0.3 0.2 e e

PID 05 0.5
Fit 1.2 1.5 1.0 2.5 3.0 5.0 1.5 1.8
*Efficiency 0.9 2.0 1.3 1.5 0.8 2.6 2.1 0.8
Total 44 4.8 4.4 5.1 5.6 7.3 53 5.0

corresponding upper limits are provided since no clear
signal is observed. The expected dressed cross sections are
constructed as

expected

O cont( +y(4040)) + ¥ (4230) = [Acont(+-Ay 4040)€ ?)+Ayazoe” .

(8)

where ¢ and ¢’ are the relative phases, Ay (4040) and Ay 4230)
are Breit-Wigners for y(4040) and Y (4230), respectively.
The resulting likelihood distribution as a function of the
Y(4230) yield is used to get the upper limits at 90% con-
fidence level for BF(Y(4230) — Light Hadrons). The inte-
gral from zero to the upper limit contains 90% of the area of
the likelihood distribution. The original likelihood distri-
butions are convolved with a Gaussian function, whose
width is the systematic uncertainty of the cross section. To
estimate the systematic uncertainties in the upper limits of
Y(4230) decays, we have used values of My;30) and

Ft)?(tilmo) from different experimental measurements [6-9],

and the largest resulting upper limits of BF(Y(4230) —
Light Hadrons) are given in Table V.

V. SYSTEMATIC UNCERTAINTY

The systematic uncertainties on the cross section mea-
surements mainly come from the uncertainties in tracking,
7Y reconstruction, luminosity, fit of x? distribution,
Exmc/ p cut, cos8,+,- cut, and efficiency determination.

The uncertainty of the tracking efficiency is 1.0% [54]
per track. The uncertainty of z° reconstruction is 2.0% [55].
The luminosity is measured using Bhabha events, with an
uncertainty of 1.0% [36]. To determine the systematic
uncertainty due to particle identification (PID) require-
ments, we selected control samples of K™K~z"z~ and
K*K~7"n~z° from data and MC. The MC sample is the
PHSP MC reweighted according to the amplitude analysis
results. The nominal PID requirements are replaced with a
tighter cut: for kaon (pion) selection, it is required the
probability to be kaon (pion) is greater than the probability
to be pion (kaon). By studying the change of efficiencies,

we determine the systematic uncertainty due to PID
requirements for K*K~z*z~ and K*K z*z z° final
states are both 0.5%.

The contamination rates from peaking backgrounds are
less than 0.8% at all energy points for all signal final states.
Those contamination rates are very low, so we neglect the
systematic uncertainty from peaking background subtrac-
tion. The estimation of nonpeaking background is from the
fit to the y? distribution. To estimate the uncertainty from
the fit to the y? distribution, we refit the ? distributions by
varying the bin size, the fit range, the signal shape and the
background shape. The shape of signal MC is determined
through MC simulation. In this work, for every candidate
event, we select the combination with the least y>. But it
may be the wrong combination, and hence affect the signal
shape. So we replace the nominal signal > shape with the
one from MC truth information, compare with the nominal
result, and determine the systematic uncertainty due to the
selection of the wrong combination. The helix parameters
are used to describe the tracks. To reduce the systematic
uncertainty, we corrected the helix parameters from MC
samples. We change the helix correction factors by 16 to
determine the systematic uncertainty due to the signal
shape. The shape of nonpeaking backgrounds is determined
using inclusive MC samples. We replace the shape of the
nonpeaking backgrounds by an Argus function and refit the
y? distributions. The difference on the cross sections is
taken as the systematic uncertainty. By adding these values
in quadrature, we assign the uncertainty associated with the
fit, which is dominated by the background shape. The
distributions of Epyc/p and cos@,:,- from MC sample
have been corrected according to data, which corresponds
to correction factors on the reconstruction efficiency. The
errors of the correction factors are taken as the systematic
uncertainties.

When determining the efficiencies, we applied a
AMPTOOLS analysis using data and MC samples at
4.226 GeV, and fixed the model to get efficiencies at every
energy point. To estimate the systematic uncertainty, we
repeat the process using data and MC samples at 3.773,
4.008, 4.258, 4.358, 4.416 and 4.600 GeV. The maximum
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difference in efficiency is taken as the systematic uncer-
tainty. The uncertainty from the efficiency is treated as an
uncorrelated uncertainty, which is taken into consideration
in the analysis of cross sections.

The values of « are related to input cross sections, which
are obtained from fits. We randomly change the fit
parameters according to the covariance matrix from the
fit. x is recalculated according to different cross section
parameters. The change in « is less than 0.025% for all
channels, so the uncertainty of « is negligible.

The systematic uncertainties of the fit parameters, as
listed in Tables III and IV, originate from the uncertainty of
the c.m. energies, the uncertainty of cross sections, and the
uncertainty of y(4040) resonance parameters. The system-
atic uncertainty originating from c.m. energies is estimated
by smearing c.m. energies with a standard deviation of
0.8 MeV [56]. Then we take the maximum difference of the
parameters as the systematic uncertainty. Similarly, the
systematic uncertainties due to cross sections and y(4040)
resonance parameters are estimated by re-obtaining the fit
parameters after changing the value of the cross sections
and y(4040) resonance parameters by =+1o, respectively.
Finally, we assign the total systematic uncertainty by
adding these values in quadrature.

VI. SUMMARY

The dressed cross sections for the processes e*e™ —
KK ntn= (%), KTK-K'K= ("), atnatz (),
pprtn(n") are obtained with data samples collected at
40 energy points from 3.773 to 4.600 GeV. Those cross
sections depend on c.m. energy according to 1/E", and we
determine n for each process. We find evidence of the
w(4040) decays to ztz~z 2z~ 2" with a statistical signifi-
cance of 3.65. No obvious Y (4230) signals are observed, so

we provide upper limits for ¥(4230) decays into those final
states at the 90% confidence level.
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