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1 Introduction

The masses and decay patterns of conventional vector (JP¢ = 177) charmonium states
match well the predictions from the quark potential model [1]. They decay dominantly
into open-charm final states when their masses are above the open-charm threshold, such
as 1(4040) and (4160). However, puzzles come when numerous vector charmonium-like
states not expected in the quark potential model, such as Y'(4260) [2-5] and Y (4360) [6-8],
have been observed. Later, more precise data indicates that the line shape of Y (4260) is
asymmetric and its mass is close to 4220 MeV/c? [9-11]. The measured masses of these
charmonium-like states are above the open-charm threshold. In contrast to conventional
states at the same energy region, they mainly decay into hidden-charm final states. How-
ever, the state around 4220 MeV /c? which was observed in open-charm production process
ete” — Y(4220) — 77 D°D*~ in the BESIII experiment [12] is consistent with previ-
ous observations of the Y(4220) state [9-11]. A closer examination of these states in
open-charm channels may provide further insights on the nature of these states and of-
fer necessary inputs to different theoretical interpretations including compact tetraquarks,
molecules, hybrids, or hadrocharmonia [13-19].

The previously measured cross sections of eTe™ — D**D*™ and ete™ — D*TD~
at energy points from 3.875 to 6 GeV [20-23] have been used to understand the vector
charmonium(-like) states. Authors of ref. [24] found that the cross sections of the ete™ —
D*tD*~ process can be described well by the conventional charmonium states (4040),
¥ (4160), 1(4415), and a D D1 (2420) hadronic molecule hypothesis of the Y (4260). Authors
of ref. [25] used a coupled-channel approach to perform a simultaneous fit to the data in the



open-charm channels including eTe™ — D**D*~ and ete™ — D**D~. The fit provides
a remarkably good overall description of all the line shapes, with five vector charmonium
resonances, 1(25), 1(3770), 1(4040), 1(4160), and 1(4415). Recently, extensive numerical
analyses were performed in ref. [26] by combining all the cross sections of the final states
J/prta=, herta~, DOD*~nt, (2S)nt 7™, wxe, and J/¢n measured in the BESIII,
Belle, and BaBar experiments, together with those of the open-charm final states D*TD*~
and D** D~ measured by Belle (with and without D** D*~ channel). It is concluded that
the Y (4260) may be interpreted as a mixture of 4357 and 33D1(23D1) charmonium states.
However, more precise measurements are necessary to verify these conclusions.

In this article, we present improved measurements of the Born cross sections of the
ete”™ — D**D*~ and ete™ — D*T D™ processes at 28 center-of-mass (c.m.) energies (1/s)
from 4.085 to 4.600 GeV.

2 BESIII detector and data samples

The data were collected by the BESIII detector [27], and the total integrated luminosity is
15.7fb~!. The c.m. energies were measured using eTe~ — p 1~ events with an uncertainty
of 0.8 MeV [28] and the integrated luminosities were measured using Bhabha scattering
events to an uncertainty of 1.0% [29, 30]. The data samples used in this analysis and the
corresponding integrated luminosities are listed in tables 1 and 2.

The BESIII detector [27] records symmetric ete™ collisions provided by the BEPCII
storage ring [31], which operates with a peak luminosity of 1 x 103* ecm~2s~! in the c.m.
energy range from 2.0 to 4.95 GeV [32]. The cylindrical core of the BESIII detector covers
93% of the full solid angle and consists of a helium-based multilayer drift chamber (MDC),
a plastic scintillator time-of-flight system (TOF), and a CsI(T1) electromagnetic calorime-
ter (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 identification modules interleaved with steel. The charged-particle mo-
mentum resolution at 1 GeV/c is 0.5%, and the dE/dz resolution is 6% for 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 in the TOF barrel region is
68 ps, while that in the end cap region is 110 ps. The end cap TOF system was upgraded
in 2015 using multi-gap resistive plate chamber technology, providing a time resolution of
60 ps [33-35].

Simulated data samples produced with a GEANT4-based [36] Monte Carlo (MC) pack-
age, which includes the geometric description of the BESIII detector and the detector
response, are used to determine detection efficiencies and to estimate background contri-
butions. The simulation models, including the beam energy spread, initial state radiation
(ISR), and vacuum polarization in the ete™ annihilations are treated with the generator
KKMC [37, 38]. The ISR of the initial particle affects the detection efficiency and line
shape of cross sections, thus, the ISR correction is necessary in the Born cross section
measurements and fulfilled by the KKMC generator.



‘(mo[aq 99s) 1030%]
UOI}09LI00 ST 3T POA[OAUL SOIJUIREIOUIN JIJRUIO)SAS U} oIe (¢ + T) UL SOIUIR)IOOUN O} ([RIIISIR)S 018 3 PUR g \J UL SOIUIRIIOOUN o, “[6¢] JoI Ul
e POYJOW oUIes oY} SUISTL PIJRINO[ED SOIUIRLIMIUN DIJRWD)SAS PUR [€II)SIFR)S O} opnpul Jo Pue Jo Ul SOIJUIRIIOOUN OY[} DIJRUIOISAS PUODDS oY} pue
[eo13sIIR)S OIR lm_\b pue <o ur seryure)Teoun 481y A, ° 09 £q pojuesordor oxe su0[001100 uOIRZLIR[0d WNNORA PUR YS] HOYIIM SOT[RA OFRIOAR I}
JO SUOID0S SSOID PIATSSUO O, A[9AI}00dS01 ‘SonfeA 98RIOAR 9} PUR ‘SO)EPIPURD _ (] POIONIJSUOIDIL ‘SOJRPIPURD 4 (T PIPOILIJSUOIAI O[3} I0J S}NSIT
O3 930URp D pue ‘_ (7 ‘(7 s3duosqns oy, *(¢ 4 [) 1030€J UOIIOLI00 S Y} PUR 3 AJUSIOYJO UOIFONLIISUOIIL O} ‘g \J SIUOAD [RUSIS JO IoqUINU O}
‘z— |11 — 1| 1030%) woryezITR[Od WINNORA OU) Y7 AYISOUIN] POYRISOIUL O} YIM IYI080% ‘0 ‘(T 4. (] < 942 JO UOIIVS SSOI WIog Y], ‘T O[qRL

0CFLLE  GEFEOV SIFIIFISE  [00FIUT 100°0F200  EFFELVT SIFIIFELE  [00FLUT 1000FH0C0  €FF6LYT GG0'T  6°98G 96657
EVF897 6VFEVS ECFCr+cov TO0FET'T  TOO'0FTI0C 0 CIFGVvT CCFVVFaLY T0°0F20'T  TO0'0F90C 0 CIFGrI 7G0T 6']7 arLS TV
CEF607 LEF00S CCFRCFRCTY CO'0FET'T  TOO0OFS6T0 02+20¢ 0CFLCFV6€E €0°0F8T'T  TO00FI6T0 61+08¢C 7G0T T'clt TLCSV
YEFVIT EVFI16S CCF6CFEIT TO'0FCC'T  TOO0F8IT 0 TcF+Eeee ECF6CF99¥ C0'0F0C'T TOO'0OFS8ST0 0CFLCE GG0°T T'TTT TL9V' ¥
SEFICL  TPFLGL 9EFLIF6GL  T00FE0T  T00°0FE6L0  PSFLOET PEFOIFO69  T0°0FI0T 100°0F6SI0  GGFIIEE Y0l 189G Qg Y
CVF6E8 TrFE]Y OVFETFEER TO0FIO'T TOO'0FE6T0 9LFE967 OVFETFETR T10°0F66°0 TO0'0FE6T0 9LF €961 cS0'T L0601 9CIV' vV
CGF9%56 16+896 0SFI1CF156 ¢0'0FS6°0 TOO'0FSST0 €9FE0VC IVF1C+656 T0°'0F86°0 T0O0'0FSR8T0 £4FCove 1601 0°60% 796¢°V
7.+096 TLF€00T IVF65+898 TO0FTI0O'T TOO0F06T0 ST+64C €9F0LF08IT <¢O00F06°0 TO00FS6T0 61+ECE T60'T 968 V.L8¢V
VGFEL6  1GFCLG IGFIEFI00T  10°0FG6'0 T00°0F6LI0  PSFLOGE 6VFICFOVG  T0'0F9I6°0 T100°0FISI0  EGFE0VE 1G0T 8°2ES VLLET
0GFS16 0G+0%56 VvrF+0CTFLEG T0°0F96°0 TOO'0F98T°0 GGFGGGT 6VF1CF846 ¢0'0F46°0 TOO'0FERT0 GG+0%9sc T160°T 6°€VS €]GEV
SVFT198 [VFC88 EVFICF698 T0°0F96°0 TOO0F89T°0 67F0861 EVFICFVE8 T0°0F86°0 100°0F691°0 67F866T 1601 1109 VLEE TV
9¢+2S9 0v=+02L TEF6IFST9 TO0FS80'T  TOO0FEET 0 Y9671 €EF0CF199 TO'0F20'T  TO00F9ET 0 EVFESVT cS0'T 1°¢6¥ ICIe¥
GOFE6S  LOFE6Y EPFGOFITL  €O0FVOT  T00°0FFIL0  FIFSGT CEFGGFIIG  POOFOTT T00°0FLGLO  €IFSII TG0 TGY 61087
[CFVSY LEFI6S ECFLIFGSY TO0FSC' T  TOO'0FLETO OvF6.L0T CCFLIFCST T0°0FSC'T  TOO'0F8ET0 Ov+v.L0T €601 G167 6.8CV
6CFGGE CVFI1G6S 61FGCFGLE TO0FSY'T  TOO'0F9ET 0 GCFL9¢ 61FECTIEE €0°0F0S'T TO0'0FGET0 ECF8EE €601 L'GLT LLLTY
0C+L0¢ YeF+0eS GIFETFRIE TO0F29'T  TOO0F¥ET 0 EV+ce01 9TFETF46C TO'0FL9'T TO00FEET O EV+066 €601 T'1€9 [99¢°V
L1F25%  1€F01G GIF6FSGE  90°0FZ6T  T100°0FGET0  LGFL9GT VIF6FLIC  90°0FE6T 1000FEET0  GOFPLYL Y0l ¥'8e8 08627
STFEVT LEF64S CIFIIFVET 90°0F61'¢c TO0'0FECT0 VrFva6 GIFTI+8GT GO'0FET'C T00°0FECTO SrF0€e0T 9601 1'8€49 [EVTV
ECFLTE CVFT1L9 61FEIFCEE G0'0F68'T TO00F9CT0 GPFS8STT RTFCIFECE G0'0F66'T TO0'0F8CT0O SVFEECTT 9601 €069 LGET Y
9¢+969 0S+766 CEFETFE99 C0'0F6&T  TOO0F9ET 0 VLF068¢ 9EFVIFFCL TO'0F6C'T  TO00FLETO LLFOSTY 9601 6°00TT €9CCV
C9FO0STT CLFTIOVT S8GFICFOLIT CO'0FI9T'T  TOO'OF¥CT 0 6SF0TLT GGFCTFIETT TO0OFPT'T  TOO0OFLCT O 69F€59C 9G60°T 2699 TL1CV
C6FREIT C6FECTLT 16FCEF6891 ¢0'0F86°0 TO0'0F8CT0 GOFO0Vve PRFIEF009T T0°0F00'T  TOO'0F8CI'0 T9FRIEE LG0T 1'cLS ¢60C'v

LOTF090C 90T1+050C POTFLEFIROC TO0FE€6°0 TO00F9CT0 99+F1599¢ [6FLEFIVO0C TO0FS6°0 T0O00FSCI0 G9+809¢ 9601 0°9¢% 6861V

9CTFLYVC 611+CEET 6TTFOV+¥6E£C TO0F16°0 TO00FCcT 0 TLF9LCY 6ITFIVF96VC T0'0F06°0 TOO00FICTI 0 CLFRGEY 9601 0°0LS 9881V

9C1F299%  OTIFI6VE  LEIFSIFIOLE CO0FSS0 1000F0GT'0 TLIFLEOSE — CelFSIFEEOZ  10°0F68°0 T100°0F0CI0 [LIFOLEGE — VGOl 0°6SIE 08LT°F
0LTFL0TE 0ST1+FG8LT PSIF19FcS0€¢  T0°0FS8°0 T000F00T 0 09FcL6c PIOTFEOFLLIE  TO0FE80 T0O00F00T0 19F980€¢ €601 6°901 VLGV

LLTF6STE  CTSIFSVLC 6GTF0LFICIE TO0FE80 TO00FES0°0 €9F6.LET LITFCLFG0CE  TO'0FC80 T000+FE80°0 eGFV.LET ¢S0'T 7'€6¢ G8C1l'v

T6CF9¢6¢ OICFILVC O6FIFI¥C+600¢ TO0F080 TOO0OF¥S00 9IF761 LYTF8CCT+L98¢ TO0F08'0 TO00FSC0°0 GT+8S8T TGO'T 6°CcS 74807
(qd) o (ad) o (qd) —Go  —~A(e+T1) - “IN (ad) *Go  +d(e+1) e HING =1l (—ad) T | (aeD) sA




‘(mO[2q 908) 10300 UOIIDDLI0D YST YIM DOAJOAUT SSIIUTRIISOUN DIJRUSISAS
o1} aIe (¢ 4 T) UI SPIJUTR)ISOUN BY[) {[RDIISIJR]S OIR 3 PUR g A/ Ul SSTJUTRIIEOUN O], '[6€] 'JoI Ul Sk POIOW duIes aY) SUISN PR[NO[Rd SAIIUIR)ISIUN
OIRWR)SAS PUR [BD1)SIR)S O} opnpul Jo pue Jo ul mosimﬁouq: oY) ‘o11emL)sAs puodes oY) pue [eonsne)s are —*To pue +o ur serurerzeoun
Js1y oYL, * 50 £q pojuesordor ore SuOI101100 uolpezire[od wWNnoeA pue ST JNOYIIM SOT[RA POUIGUIOD 9} JO SUOIIIDS SSOID POAIAS|O A, “A[oArpdodsor
‘son[eA POUIqUIOD 9} PUR ‘S9JePIPULRD _ (T POIONIISUOIL ‘S9)RPIPULRD | (7 PIJOILIJSUOIOI Y} I0f SYNSOI O} dj0Udp 2 pue ‘_ (7 ‘(7 siduosqns
oY, (¢ + T) 1030%] UOIOLII0D PG ) PUR 3 AOUSIOLO UOIONIISUOIOL O} ‘gig N STUOAD [RUSIS JO Ioquunu oy ‘[ — T| 1030ej uorjezirejod wnnoea

oy} ‘Mg Aysourwm peajeliSejur oY) Ym IoYjaSo) A\*Mbv +d - + —2y2 pue (Vo) _q..q + _2,2 jo suonods ssom wiog oyJ, ‘g OIqRL

CIFIGr  GIF62G  GIFLF6Ec  ©OOFGL'T 100°0F692°0  LEFFPIT  LIFLFPGe  100F0LT  T00°0F89Z0  9EF0601  GSO'T  6'98G G664
€CFVIF  SEFSIG  €IFIEFGGE  T00FILT 100°0F992°0  TIFFOL  OTFEEFLLL  €00FVE T T000FGGE0  OIFLL YOl 68T GYLGT
TTF6LS  VEFPGY  PIFGIFSSE  T0°0FI0T T100°0FG9Z'0  LIFIGE  PIFGIFO6Z  10°0FS0T  TO0OFIIZ0  LIFOIT PGO'T  TEIL 1228F
VZ+099 9¢FLCL GIFICH8IE TO'0F90°'T TO0'0F€SC O LT1F99¢ 9I+CCFETe TO0F€0'T TO00F€STO STF1I8C GGo'T T'TIT L9V ¥
61F069  [EF6VL  OIFOIFLEE T00FFO'T T100°0FSHE'0  OFFSSEL  LIFOIFGGE  10°0FC0T  T00°0F0920  [PFLPFT  ¥SO'T  ['89G 2oLy
LIFLLO  6IFSVL  OTFLFYEE  T[00F0T T100°0FIPE0  GGFILOZ  OIFLFHPE  T10°0FPO'LT  T00°0FGHE0  9GF689Z  @CO'T L0601 98T
0ZFZ69  TEF6SL  GIFIIFOLE TOOFIOT T00°0FOPE'0  SEFOLZT OTFITFFEE  T100FCOT TOO0FSEZ0  SEF68TT 10T 0°G0G PO6ET
CEFL69  GEFOLL  STFPEFILE  TO0FCOT T100°0FLYe0  €IFOFT  OTFOLFEEE  T0°0FROT T00°0FIVE0  EIFLET TCOT 9GS VLSEY
61F269  [EFE9L  OIFIIFEre T0°0FGO'T T00°0FIEL0  SEFSIEL  LIFIIFIGE  100FCOT T00°0FELE0  SEFLGEl 1G0T 8°Gag vLLET
61FC89  [EF99L  LIFOIFCrE TO0FLOT T00°0F9E0  6EFTCel OTFOIFEFE  10°0F90T T00°0FTHE0  OvFIPEL 1G0T G'EFG €868
0ZF669  TEFGLL  LIFTIIF6EE  TOOFSOT T100°0FPE'0  LEFOSIT LIFITFO9E  T00FFOT TOO0FEEE0  LEFPLIT 1G0T T'T0G PLECT
0C+169 €CFL6L STFCIF9LE TO0F€0'T TO0'0FCIc 0 LEFSVIT  9IFTIFLCE TO0FET'T TO0O0OFTIICO 9€+180T [4S{0N 1°c6v 1C1IEV
96F889  GEF0SL  GIFGEFEEE  €O0FSOT 100°0FPee0  TIFEOL  SIFLEFGGE  10°0F80'T  [000FHEa0  LIF60T Zeo'1 TG 6L08F
CCFRLL  VEFILS  SIFCIFLIE  T0°0FLOT T00°0FE0Z'0  LEFLOIT GIFEIFI6E  100F90T  TO00FHOZ0  LEFGOTT €501  CI6P 6182
6CFFES  0SFEI6  VEFELTFVOV  20'0F86'0 T100°0F6020  €CFILy  6IFIZFO6E T0°0F90T T00°0FG0Z0  &aF0ekh €60°T  L'GLT LLLTY
CTFE6L  VEFIL8  GTFCIFIGE TOOFVOT T00°0FL0Z0  GEFOSTI GIFCIFLEE T0°0FSOT TO0OFROZ0  6EFIOLT €601  T°TES 899%°F
0CF8EL  €CFIVPS  SIF6FIGE  T0°0F60'T T100°0FLOZ0  LPFGLST  GIFGFGSE  10°0FLOT T000FS0Z0  GVFE00Z  ¥SO'T  #'Ses 0892
0CFCTL  ¥EFres  SIFCIFLIE  T0°0FG0'T T00°0FSGI'0  LeFSSIT LIFITFICE  T00FILT TO00FI6T0  LEF6STT  9G0'T  ['S€G 8EVT ¥
TZF6EL  PTF6G8  LIFIIFIGE T00FET'T  T000FT6T0  LEFGEIT SIFEIFGRE T100FSOT T000FF6L0  SEFITEl  980°T  €0€g LGETT
STFFRY  TCFEV8  9IFSFICE TOOFSIT T100°0FT6T0  €9FCVEs  LIFSFISE T0°0FSTT TOOOFPEI0  PSFOOPE  9S0°T  6°00TT €92V
CCFISL  9CFGE6  GIFTIFE6E  T0°0FGL'T T100°0F6LI°0  SEFO0LZL  6IFCIFGSE  100FCIT T000F0ST0  GEFSGEl  9G0°T @699 2187
€ZFROS  LEFSY6  OZFTIF60F TOOFIT'T T00°0FGLI'0  GEFLLZL OGFCIFOOF T100FCIT TOOOFSLI0  GEFPSEl LG0T T['GAG 260z
9ZFEC6  6CFLEOT ZeFPIFO9F  TO0F90'T T00°0FCLTO  GEFCLZT  €CFVIFZOP  10°0F90T TO0OOFSLI0  6€F86el  9S0°T 07928 686TF
9ZFSY6  0SFGLOT  €TFPIF6Y  TO0F0T T00°0FTLTO  THFCErT CeFVIFO9F  T0°0FGOT TOOOFILIO  OFFCLET  9S0°T  0°0LS 9881
92FCG0T  GCF6SIT  9ZFOFSIG  T0°0FSOT T00°0FELT'0 O0IFLOVS  OZFOFIEE 10°0FPO'T T000FELI0 TOIFPEIS  ¥SOT  0°6SIE 08LT¥
9eFLICT LEFPRTT  TEFOCFCEY  T0°0FO0'T T00°0FIST'0  9EFLEIT IE€FGIFISC COOFIOT TO00F0IT0  GEFPLOL  €S0°T  6'90F vLGT Y
SEFE0ET IVFEIVI ECEFCCFIV9 T0'0F00'T TOO'OFIVIO GEF0LOT TEFICFLCY T0O0FSO'T  TOOOFIVLIO VEFTIE0T [4S{0" V€68 G8CI'V
6LFESLT  LLFOGLT VHPFOLFOCE®  TO0OFL6'0 T00°0FIET0  EIFION  OGFOLFLV6 TO0FE60 T000FGETO  PIFOLT TCOT  6°CS PS80
(ad) o (ad) §o  (ad) ~Fo —~T(e+1) — > 5N (ad) **Go  +d(o+1) GE) ING i — 1 (—ad) ™7 | (AeD) sA




Exclusively generated MC samples
ete” — D**D%%—, D*t - xtDO, DY —» K—nt, DY — anything
ete = D*~D°z+, D°— K—nt D*~ — anything
ete” - D**Dx~, D*t — xtDO DY —» K—nT, D*0 — anything
efe” — D* Dt D - 70DO(yDY), DO — K—nt, D*~ — anything
ete” - D**D 70  D*t - 7xtDO DY —» K—nt, D~ — anything
ete- =D D°7t, DU K—nt, D~ — anything
ete™ — DD, D*0 — anything, D*0 —anything

Table 3. The decay chains of the exclusively generated MC samples for background studies.

The signal MC samples of the ete™ — D**D*~ and ete™ — D*T D~ processes with
100,000 events are generated using phase-space (PHSP) [40, 41] and helicity-amplitude
(HELAMP) [40, 41] models at each c.m. energy, respectively. These signal models describe
data well at each energy point. The D*T meson is reconstructed by using the decay chain
D*t — 7t D° DY - K~—nt, while the D*~ or D~ is not reconstructed exclusively but is
inferred from energy-momentum conservation. Inclusion of charge-conjugated (c.c.) states
is implicit unless otherwise stated.

Generic MC samples spread over the complete energy range are used to analyze the
possible background contributions. The generic MC sample includes the production of
open-charm processes, the ISR production of vector charmonium(-like) states, and the con-
tinuum processes incorporated in KKMC [37, 38]. The known decay modes are modelled with
EVTGEN [40, 41] using branching fractions taken from the Particle Data Group [42], and the
remaining unknown charmonium decays are modelled with LUNDCHARM [43, 44]. Final-
state radiation (FSR) from charged final-state particles is incorporated using PHOTOS [45].

In addition, exclusive MC samples with 100,000 events each for the processes ete™ —
D** D%~ D*Dt, D** D%z, D*~D*xt, D**D=x% D°D~7* and D**D*0 (listed
in table 3) are generated with PHSP model at each c.m. energy to study possible back-
ground contributions. Here ete™ — D** D%~ and D* D%rt, and efe™ — D*tD*0x~
and D*0OD*~ 7t are two pairs of charge-conjugated modes, which have the same input line
shapes of cross sections. The background contributions at all the energy points are found
to be the same.

3 Event selection and background analysis

Candidate events with at least two pions with positive charge and at least one kaon with
negative charge are selected. The charged tracks are required to be well reconstructed in
the MDC with a polar angle 6 satisfying |cos#| < 0.93, and the distances of the closest
approach to the interaction point in x — y plane and z direction of eTe™ c.m. frame have
to be less than 1 cm and 10 cm, respectively. The particle identification (PID) of kaons
and pions is based on the dE/dx and time of flight information. Assumption of a given



particle identification is based on the larger of the two PID-hypothese probabilities P(h),
h = K, . Kaon candidates are required to satisfy P(K) > P(w) and P(K) > 0.001 with
momenta larger than 0.3 GeV/c. Pion candidates are required to satisfy P(7) > P(K) and
P(7) > 0.001. The pions with momenta less than 0.3 GeV/c are named as 7}, whereas
the ones with momenta larger than 0.3 GeV/c are named as ;. At least one 7} and one
W;I are required in the final states.

We assume each input charged track originated from a common vertex, and a kinematic
fit is performed to the K™y, candidates, which constrains the masses of the K *WJI; candi-
dates to the known mass of the DY meson [42], to improve the track momentum resolution
and to reduce background events. If there are multiple candidates in one event, we choose
the K~ Hﬂ'L combination with the smallest vertex and kinematic fit x? and require x? <
200 for further studies. To identify signal candidates that involve the D° meson, we select
events with a K _77;9 invariant mass before the kinematic fit within a window of three stan-
dard deviations (£30) around the D® known mass, 1845.4 < M (K ~7j;) < 1885.2MeV/c?,
referred to as the D° mass window. Here ¢ is the measured mass resolution of D° meson.
For the sake of simplicity, we use 7 to replace 772 in the following text.

After imposing all the requirements mentioned above, we use the two-dimensional (2D)
distributions of the 77 D invariant mass M (7" D°) and recoil mass RM (7+D°) after the
kinematic fit, to study the signal and background contributions. Figure 1 shows the distri-
butions of RM (7 + DY) versus M (n+D?) for data, signal MC samples of ete™ — D*+ D*~
and D** D™, and background MC samples of ete™ — D*T D%, D*= DOzt D*tD*Or—
DD *~xt DD~ 79 DOD~7nt and ete™ — D*0D*0 at 4.416 GeV, respectively.

The remaining background contributions are shown in figure 2 together with the fit
results where an Argus function [46] and a second-order Chebyshev polynomial are used
to fit the M (7 D) and RM (7 DY) distributions, respectively.

4 Signal yield determination

Two-dimensional unbinned fits to the recoil mass RM (7 D) versus the invariant mass
M (7+ D) distributions are performed to determine the signal yields of the efe™ —
D*t*D*~ and D**D~ processes. A 2D probability density function (PDF) f(M,RM)
is used to describe the data, where

f(M,RM) = N¥8's; (M, RM) + N8s5(M, RM)

+ Nbkel [ by (M, RM) +

1+ Ry ’ 1+ R
+kag2[ RR bs(M, RM) +

by (M, RM)]

41
b, RM)] (4.1)

1
+ NPk&3ps (M, RM) + NP<e4bs(M, RM)
+ NPk85p, (M, RM) + NP5Shg(M)bg(RM).
Here, s1(M, RM) and so(M,RM) are the signal PDFs for the ete™ — D*'D*” and

D** D~ processes, respectively, and are modeled using the signal MC shapes convolved with
corresponding Gaussian functions. The parameters of the Gaussian functions reflect the
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Figure 1. Distributions of the recoil mass RM (7 D) versus the invariant mass M (7 D) for
(a) data, and the MC-simulated processes (b) ete™ — D**D*~ (¢) D**D~, (d) D** D%,
(e) D*=~Dz*, (f) D*t*D*°x~, (g) D*~D*Ox*, (h) D**D~x° (i) D~ D", and (j) D**D*" at
4.416 GeV c.m. energy, where plots (b) and (c) are the signal processes, and plots (d-j) are the
background processes in this analysis. Labels of s1, sigl, b1, bkgl etc. are used in eq. (4.1) and
described in text.
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Figure 2. Distribution of the recoil mass RM (7 D) versus the invariant mass M (7+D°) and
the 2D fit result for the remaining background contributions of the generic MC samples after
removing signal events and peaking background contributions mentioned in the text at 4.416 GeV
c.m. energy. An Argus function and a second-order Chebyshev polynomial (red lines) are used to
fit the M (7*D°) and RM (= +DP) distributions, respectively. Labels of bkg6, b8, and b9 are used
in eq. (4.1) and described in text.

differences in the mass resolution between MC simulation and data, and are obtained from
one-dimensional (1D) fits to the M (7 D) and RM (7* D) distributions. The by (M, RM),
bo(M,RM), bs(M,RM), by(M,RM), bs(M,RM), bg(M,RM), and b;(M,RM) are the
PDFs of the background processes ete™ — D*+* D%~ D*= DO+ D*+ D= D*~ DOzt
D**D~=7% D=D%*, and D**D*? and are shown in figure 1(d-j). The bg(M) and bg(RM)
are the Argus function and second-order Chebyshev polynomial mentioned before. The
PDFs of signal and background processes in eq. (4.1) which are affected by the ISR effect
are changed with different c.m. energies, especially the signal PDFs of eTe™ — D*TD*~.
Its radiative tail in the RM (7T DP) distribution is appearing or vanishing with the sharply
changed cross sectional line shape of eTe™ — D*TD*~. We use these different PDFs to
perform the 2D fit at different energy points.

The numbers of the signal events of eTe™ — D*TD*~ and D** D™, the background
events of ete™ — D**D= 70, D=D%*, and D*D*0, and the flat background events
are represented by Nsigl Nsie2  bked - nbked - nbked anq NPke6  pespectively; NPkel
is the total number of ete™ — D*t*D%~ and D*~ D%t events, and NPX&2 the total
number of ete™ — D*t*D*Or~ and D*~D*Ont events. The ratios between the charge-
conjugated modes of efe™ — D** D%~ and D* DT, and ete™ — D*tD*Or~ and
D*9D* 7t are denoted by R; and R», according to Ry = Bhig1 €bkgl /Bgﬁélecbﬁgl and
Ry = Big2€pke2 /BgﬁgQEg'lf'gQ, where By, Bf)'kcgl, Bpig2, and Bgf@ are the products of
branching fractions from the intermediate states for the processes ete™ — D*T*D07n—,
D*=D*, D**D*0r= and D*D* nt, respectively. The corresponding reconstruction
efficiencies are €pkg1, €picy1+ €bkg2, and €pico. All the numbers of events in the 2D fit are left
free. The cross feeds from the charge-conjugated modes of signal channels are below 0.02%
and therefore are neglected.

The 1D projections of the fit results to the RM (7t DY) versus M (7 D) distributions
at 4.416 GeV and the corresponding log-scale plots are shown in figure 3. The distributions
at other energy points are fitted using the same method to determine the signal yields,
which are summarized in tables 1 and 2.
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lines denote the signal processes of ete™ — D*TD*~ and eTe™ — D*T D™, respectively; the other
dashed lines in different colors represent different background events.

5 Cross section measurements

The Born cross sections of the reaction channels ete™ — D**D*~ and ete™ — D** D~
are calculated with .
Nsig
oB = — , (5.1)
Lint(1+0)|1 — 1| =28, Bge
where N8 is the signal yield in the 2D fit; Ly is the integrated luminosity; |1 —1II| =2 is the
vacuum polarization factor [47]; By and By are the branching fractions of D** — 7+ D and

DY — K—rt [42], respectively; € = NNZTZT is the reconstruction efficiency for the ete™ —
D**D*~ or ete” — D** D~ mode (N?Pfi* and N&°" are the numbers of signal events in the

2D fit region and generated events, respectively). The ISR correction factor (1+ 0) follows

_ [ odressed(g(1 — 2))F(z, s)ds

(1+0)|1 —1172 -5 (5) ,

(5.2)

where F(z,s) is the radiation function obtained from quantum electrodynamics calcula-
tion [37, 38, 48], the variable x is the fraction of energy carried by the ISR photon, and
gdressed g the cross section without vacuum polarization correction. The cross sectional
line shapes of Belle results [21] are used as a starting point to generate the signal MC
samples of ete™ — D*TD*~ and D*TD~, and obtain the initial reconstruction efficien-

cies and ISR correction factors for each c.m. energy. The first measured cross sections of
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age cross sections for ete™ — D*T D*~ between this work (red dots) and those of the Belle experi-
ment [21] (black circles). Error bars are the quadratic sum of statistical and systematic uncertainties.

ete™ — D*TD* and D*" D™ are obtained by above mentioned procedures. Then the line
shapes of the first measured cross sections are taken as inputs to re-generate the signal
MC samples and re-calculate their efficiencies and ISR correction factors. The 2D fit is
re-performed with the updated PDFs of signals. The cross sections of ete™ — D*TD*~
and D*T D~ are updated and taken as inputs again for next round. These procedures are
repeated until the differences of (1 + d)e between two adjacent iterations are less than 3%,
then the cross sections are considered to be convergent. The PDFs of MC-simulated signal
shapes, efficiencies, ISR correction factors, and the cross sections of the last round are taken
as the final results and shown in this paper. The differences of (1 + §)e between the last
two iterations are taken as the systematic uncertainties of the cross sections convergence.
The Born cross sections of ete™ — D*TD*~ and eTe™ — D*T D™, and the numbers used
in the calculation are listed in tables 1 and 2.

The cross sections of ete™ — D*TD*~ for different c.m. energy points are shown in
figure 4(a) for the reconstructed D** and D*~ events, respectively. They are in agreement
with each other within uncertainties. The average cross sections are calculated using the
same method as in ref. [39], where correlations between two measurements are considered.
Figure 4(b) shows the comparison of the average cross sections of ete™ — D*T D*~ between
this work and those of the Belle [21] experiment. The results are overall compatible.

The cross sections of ete™ — D*TD~ and eTe™ — DT D* for different c.m. energy
points are shown in figure 5(a). Again, the two results are in good agreement. The cross
sections of eTe™ — D*T D~ and ete™ — DT D*™ are averaged using the same method as
described above. The total cross sections of eTe™ — D*T D™ + c.c. are twice the average
values. The comparison of the cross section of eTe™ — D*T D~ + c.c. between this work
and those of the Belle [21] experiment is shown in figure 5(b). They are overall compatible.

~10 -
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Figure 5. (a) The Born cross sections of the reaction channel ee™ — D** D~ for the recon-
structed D** candidates (red dots) and eTe™ — DT D*~ for the reconstructed D*~ candidates
(blue triangles) as functions of the c.m. energy. (b) The comparison of the combined cross sections
for ete™ — D** D™ + c.c. between this work (red dots) and those of the Belle experiment [21]
(black circles). Error bars are the quadratic sum of statistical and systematic uncertainties.

6 Systematic uncertainties

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

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

« Branching fractions. The uncertainties of the branching fractions B(D** — 7t DY)
and B(D? — K~7%) are 0.74% and 0.78% [42], respectively.

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

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

- 11 -



e ISR correction factor. The line shape of the cross section affects the ISR correction
factor and the reconstruction efficiency. There are three uncertainties involved in the
ISR correction factor. Firstly, the differences of (1+0)e between the last two iterations
are taken as the systematic uncertainties of the cross sections convergence (ISR1) and
are in the range between 0.00% and 2.71%. Secondly, to consider the statistic of the
input lineshape, the input cross section at each energy point is changed randomly by
varying the central value within its statistical uncertainty and the value of (1 + §)e
is recalculated. This process is performed for 1000 times, and a Gaussian function is
used to fit the (1 + ¢)e distribution. The width of the Gaussian function represents
the systematic uncertainty of the statistic of input cross sectional line shape and
varies between 0.01% and 0.60% (ISR2). Lastly, an alternative smooth method of
LOWESS [50] is used instead of T'Spline3 [51] for the input cross section line shape,
and the differences in (1 + 0)e values, varying between 0.01% to 3.73% (ISR3), are
taken as the systematic uncertainties.

e Fit range. The systematic uncertainty caused by the choice of the fit range is esti-
mated by varying the upper and lower bounds of the fit range by + 10 MeV /2. Toy
MC samples are generated using the obtained PDFs and the corresponding 2D fits
are performed in the new fit range. This process has been repeated for 2000 times.
The differences between the input values and the means of the output values are
taken as the systematic uncertainties which vary between 0.05% and 1.61%.

e Background shape. The uncertainty attributed to the background shape is estimated
by changing the background shape in the 2D fit. To reduce influence of statistical fluc-
tuation, we perform the 2D fit to the combined data samples from the reconstructed
D** and D*~ candidates, where the PDFs of signal and dominant background pro-
cesses for the two reconstructed methods are weighted based on the corresponding
values of oB(1 + d)e from the reconstructed D*t and D*~ candidates. The differ-
ences of signal yields from 2D fits to the combined data samples by changing the
background shape in 7+ DY recoil mass spectrum from the second-order Chebyshev
polynomial to a linear function, are taken as the systematic uncertainties of back-
ground shape. The uncertainties due to the Argus function and PDFs of the peaking
background contributions are checked and are found to be negligible. The systematic
uncertainties due to the background shape are less than 1%.

e Signal shape. The parameters of the Gaussian function, i.e., mean and resolution,
describe the differences between data and signal MC simulation. The differences
of signal yields from 2D fits to the combined data samples as mentioned above by
varying the mean and resolution within one standard deviation are assigned as the
systematic uncertainties of mean and resolution. The systematic uncertainties are
less than 1% or a little more.

e Signal models. As we known, the eTe™ — D*TD*~ process should be proceeded
via three independent amplitudes, namely the P-wave with spin S = 0, P-wave with
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S = 2, and F-wave with S = 2. Actually, the angular distributions of D** in the
ete™ c.m. frame and 71 (decayed from D*T) in D** frame from signal MC samples
of ete™ — D*TD*~ (D**D~) and data samples are checked and found to be consis-
tent at each energy point. The efficiencies of signal MC samples of ete™ — D*T D*~
and D*T D~ are reliable. In addition, in the assumption of the relative phase an-
gle between any two amplitudes is zero, we use a HELAMP model which consid-
ers the longitudinally and transversely polarized D*' to generate the signal process
ete”™ — D*TD* . The parameters of HELAMP model are quoted from ref. [21].
The difference of the efficiencies compared to the nominal ones are less than 1%,
which are within the MC statistics uncertainties. Thus, the systematic uncertainties
of detection efficiencies due to different signal generator models are neglected. The
MC-simulated signal PDFs of ete™ — D*TD*~ and D**D~ at different angular
regions of D*T in the ete™ c.m. frame are stable and the systematic uncertainties
of the PDFs of signals at different angular regions can be neglected since we already
consider the uncertainties due to the mass resolutions.

All the uncommon systematic uncertainties for the reconstructed D** and D*~ can-
didates are summarized in tables 4 and 5, respectively. The total uncommon systematic
uncertainties at each energy point are the sum of individual ones in quadrature.

7 Summary

A measurement of the cross sections of the eTe™ — D*TD*~ and ete™ — D*T D™ pro-
cesses is presented using 28 data samples corresponding to a total integrated luminosity of
15.7 fb~! with c.m. energies between 4.085 and 4.600 GeV. The cross sections are consistent
with and more precise than those of the Belle, BaBar, and CLEO experiments. The struc-
tures in the cross sections measured by the previous experiments are confirmed. In order
to finally reveal the nature of the vector charmonium(-like) states in this energy region,
measurements on other two-body open-charm modes such as DD, Df Dy, DFD*~ + c.c.,
Dt D*~ [52] and multi-body modes such as 7DD, 7D*D + c.c., arDD are necessary.
More sophisticated models with further studies on coupled-channel effect are also needed.
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