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Search for C-even states decaying to D;D;T with masses
between 4.08 and 4.32 GeV/c?
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Six C-even states, denoted as X, with quantum numbers JPC = 0~t, 1¥*, or 2**, are searched
for via the e*e™ — yDED;T process using (1667.39 & 8.84) pb~! of eTe~ collision data collected with
the BESII detector operating at the BEPCII storage ring at center-of-mass energy of /s =
(4681.92 +0.30) MeV. No statistically significant signal is observed in the mass range from
4.08 GeV/c? to 4.32 GeV/c?. The upper limits of ole*e™ — yX] - B[X — DED;™] at a 90% confidence

level are determined.
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I. INTRODUCTION

The charmonium(like) system is a good laboratory for
studying the nonperturbative behavior of quantum chromo-
dynamics (QCD). Over the past two decades, many new
resonant structures have been discovered that cannot be
explained by a simple mesonic (gg) or baryonic (gqq)
configurations. This has sparked significant experimental
and theoretical interest.

Charmonium states with mass above the open-charm
threshold are expected to decay dominantly into open-
charm final states [1-3]. In Ref. [4], the masses and total
widths of the ., (3P), y.1 (3P), and 17.,(2D) are calculated
using either the nonrelativistic potential model or the
relativized Godfrey-Isgur model [5]. The open-charm
strong decay widths are estimated by using harmonic
oscillator wave functions and the 3P, decay model. These
states are predicted to have sizeable decay widths to the
DED;T final state, as listed in Table 1. However, none of
these states have been observed experimentally so far. In
an amplitude analysis of the BT — J/w¢pK™ decay, a 1"
state was observed in the ¢J/y final state [6-8], with an
average mass of 4286f§ MeV/ ¢%, which is close to the
predicted mass of the y.;(3P). Its assignment as a y. (3P)
state requires further confirmation.

In the hybrid meson (¢gg) configuration, several states
are predicted by lattice QCD [10,11]. The strong decay
widths of these hybrid states are computed based on the
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constituent gluon model [12]. The DF D; ™ mode is expected
to be the leading decay channel for the X (4217) with JF€ =
17" and the X(4279) with JP€=0~", where the numbers
in the brackets denote the theoretical masses of the hybrid
states. The resonant parameters of the two states are
summarized in Table 1.

The authors of Ref. [9] provide a whole spectrum of
heavy-antiheavy hadronic molecules by solving the Bethe-
Salpeter equation. A virtual state, referred to as the X (4080)
in this paper, with a mass close to the D¥D; ¥ threshold, is
expected to decay predominantly to D¥D;T. Its quantum
numbers are J*¢ = 17+ and its total width is assumed to be
5 MeV. Many structures from experiments with masses
near the thresholds of a pair of open-charm mesons are
reported, such as the X(3872) [13], Z.(3900)* [14-16],
Z.(4020)* [17,18], and Z,(3985) [19,20], which are near

the thresholds of D°D*, DD*, D*D*, and D\)D®,
respectively. Motivated by both experimental observations
and theoretical calculations, searching for the structure near
the threshold of DfD;T is crucial.

It has been demonstrated that C-even states can be
produced in eTe~ collisions accompanied by photon
emission. For instance, the eTe™ — yX(3872) [21] and
¥Xc12(1P) [22] processes have been observed by the
BESIII experiment. In this paper, a study of ete™ —
yDED;T is presented to search for the aforementioned
C-even structures. Throughout this paper, the charge
conjugated mode is implied. This analysis utilizes a data
sample collected at center-of-mass energy /s =
(4681.92 +0.08 £ 0.29) MeV with an integrated luminos-
ity of (1667.39 +0.21 4+ 8.84) pb~! [23], where the first
and second uncertainties are statistical and systematic,
respectively. The D} meson is reconstructed using its
radiative decay into the yD, final state. The D, meson is
reconstructed with its decay modes D; - K"K~z and
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TABLE 1. Predicted masses (M), total widths (I'), partial widths (I D* D;x), and quantum numbers of the six C-even states.

State M (MeV/c?) I (MeV) [pip= (MeV) Jre
N2 (2D) [4] 4158 111 18 2=+
xe1(3P) [4] 4271 39 9.7 1+
xe2(3P) [4] 4317 66 11 2++
X(4080) [9] 4082.55 5 e 1+
X(4217) [10-12] 4217 6 6 -t
X(4279) [10-12] 4279 110 34 (O

KgK , with Kg — ntz~. These two decay modes of the D,
are combined into four decay chains (DCs):

DC-I: D{D; — (KK n") (K"K~ n™),

DC-II: D} D7 — (K+K_7Z+)(K2K_),

DC-III: Dy D; — (K2K+)<K+K_JT_>, and

DC-1V: Df Dy — (K3K™)(K$K™).

II. BESIII DETECTOR AND MONTE CARLO
SIMULATION

The BESII detector [24] records symmetric e*e™
collisions provided by the BEPCII storage ring [25], which
operates with a peak luminosity of 1 x 10 cm™2s~! in the
center-of-mass energy range from 2.0 GeV to 4.95 GeV
[26]. 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(TI) electromagnetic
calorimeter (EMC), which are all enclosed in a super-
conducting 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
momentum resolution at 1 GeV/c is 0.5%, and the
dE/dx resolution is 6% for electrons from Bhabha scatter-
ing. 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 60 ps [27-29].

Simulated events produced with a GEANT4-based [30]
Monte Carlo (MC) package are used to determine detection
efficiencies and to estimate backgrounds. This MC package
includes the geometric description of the BESIII detector and
the detector response. The simulation models the beam
energy spread and initial state radiation (ISR) in the e™e™
annihilations with the generator KKMC [31,32]. The generic
MC samples include the production of open-charm proc-
esses, the ISR production of vector charmonium(like) states,
and the continuum processes implemented in KKMC [31,32].
The known decay modes are modeled with EVTGEN [33,34]
using branching fractions taken from the Particle Data Group
(PDG) [35], and the remaining unknown charmonium
decays are modeled with LUNDCHARM [36,37]. Final state
radiation for charged final state particles is incorporated
using the PHOTOS package [38].

The signal processes e e~ — yX, X — DI D;T and their
subsequent decays are modeled with EVTGEN [33,34]. The
D, — K"K~ r decay is generated according to the ampli-
tude models reported in Refs. [39,40]. Two groups of
samples are generated for the signal processes, Group-I
and Group-II. Group-I is produced with the predicted
masses and widths of the X as listed in Table I, while
Group-II is with the masses ranging from 4080 MeV/c? to
4320 MeV/c? in steps of 40 MeV/c? and widths varying
from a set of values; 5 MeV, 10 MeV, 20 MeV, 50 MeV,
80 MeV, and 100 MeV. The quantum numbers J”C of X are
listed in Table I. In the signal MC simulations of
ete” > yX, yX are assumed to generate from y(4660),
and y(4660) is parametrized using a Briet-Wigner function
with parameters taken from the PDG [35].

Additional MC samples of eTe™ — (yISR)Dg*ﬁD}q,

(r1sr)DiD%y(2317), and (yISR)D§*>D51(246O) events are
generated to estimate the background contamination. They
are modeled using helicity-amplitude models or phase
space in EVTGEN [33,34]. The production cross sections
are taken from previous BESIII measurements [41-43].

III. EVENT SELECTION AND
BACKGROUND STUDY

A full reconstruction method is used to reconstruct
the signal process yDyD;T(— yDY), Dy —» K*K™x or
K%(— n"7n7)K. Charged tracks detected in the MDC are
required to be within a polar angle (¢) range of
|cosf| < 0.93, where 0 is defined with respect to the
symmetry axis of the MDC (defined as the z-axis). For
charged tracks not originating from Kg decays, the distance
of the closest approach to the interaction point (IP) must be
less than 10 cm along the z-axis (V,), and less than 1 cm in
the transverse plane (V). Particle identification (PID) for
charged tracks combines measurements of the energy
deposited (dE/dx) in the MDC and the flight time in the
TOF to form a likelihood for each hadron hypothesis.
Tracks are identified as kaons (pions) when the kaon (pion)
hypothesis has larger probability. Tracks without PID
information are rejected.

Each K candidate is reconstructed from two oppositely
charged tracks satisfying |V,| < 20 cm and | cos ] < 0.93.
The two charged tracks are assigned as z'z~ without
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imposing PID criteria. They are constrained to originate
from a common vertex and are required to have an invariant
mass (M, ,-) within the interval (0.478,0.518) GeV/c”.
The y* of the vertex fit is required to be less than 100. A
secondary vertex fit is performed to ensure that the Kg
momentum points back to the IP. The decay length of the
K candidate is required to be greater than twice the vertex
resolution.

Photon candidates are identified using isolated showers
not associated with charged tracks in the EMC. The
deposited energy of each shower must be greater than
25 MeV in the barrel region (| cos | < 0.8) and greater than
50 MeV in the end cap regions (0.86 < |cos@| < 0.92).
The difference between the EMC time and the event
collision time is required to be within [0,700] ns to
suppress electronic noise and showers unrelated to
the event.

The selected K*, z*, and K§ candidates in the event are
combined to reconstruct Dy - K™K~z or D, — K(S)K. The
D, candidates are kept if the invariant masses of the
K*K~7 or K‘;K systems, denoted as M, , are within a
+150 MeV/c? mass window around the nominal D, mass.
The D] Dy pairs are selected requiring that each K+, 7+,
and K (s) candidate is used in one D{ Dy pair at most once. If
there is more than one pair with the same DC in an event,
the one with (Mp+ + M p-)/2 closest to the nominal mass
of the D, meson [35] is chosen.

In addition to the D} Dj pair, each signal candidate is
required to have at least two photons. A six-constraint (6C)
kinematic fit is performed, where the four-momentum of
the final state particles is constrained to that of the initial
e"e™ system and the masses of the reconstructed D and
D7 are constrained to their nominal masses. If more than
two photons and (or) more than one Dy Dy pair decaying in
different DCs are found in an event, the combination with
the minimum y2. is retained, and 2. is further required to
be less than 200, where 2 is the y* from the 6C kinematic
fit. To study the background contributions from non-Dj
processes, a four-constraint kinematic (4C) fit without the
two D, mass constraints is applied, and the four-momenta
of the final state particles are computed using the momenta
determined by the 4C kinematic fit.

To  suppress  background contributions  from
non-D processes, a D; mass window of |Mp —my | <
21 MeV/c?, which is about three times the mass resolu-
tion, is applied, where m, is the nominal D mass. The two
selected photon candidates and the two D, mesons can
form four combinations of yD,. The one with invariant
mass (M,p ) closest to the nominal mass of the Dy is
retained for further analysis. The invariant mass M, =
(M,p. —Mp_+ mp ) is required to be within the interval
(mp: £ 27) MeV/c?, where mp. is the nominal D}* mass
taken from the PDG [35]. The variable M, , formed with
the unused photon and D, candidates is required to be

outside of this same mass window. The photon not from the
D5 decay is labeled y; and its recoil mass spectrum, M}, is

used to extract the signal yields. M} is calculated by
\/(Ecms - E71)2 - (ﬁcms - i)yl)z’ where (Ecmw}—;cms) and

(E,,, 13},1) are the four-momenta of the initial state [23] and
71, respectively. After imposing all the selection require-
ments, the dominant background processes are those that
include one Dy Dy pair in final states. The contributions

from ete” — (]/ISR)DE*)i sT. (rsr)DiD}(2317), and

(yISR)D§*>D51(246O) events account for 76.9%, 4.4%,
and 10.9% of the total backgrounds, respectively. The
contributions from other background processes are less
than 8%, and are found to be linearly distributed in the
recoil mass spectrum of y; based on the analysis of generic
MC samples.

IV. SIGNAL YIELD EXTRACTION

The X signal yields are extracted using an unbinned
maximum likelihood fit to the M spectrum. The events
from the four DCs are combined due to limited statistics.
The fit probability density function (PDF) contains five
components: signal (S), e*e” = (yir)DEDsT  back-
ground (B;), e"e™ — (yisr)DiED;T background (B,),
ete” > (yISR)Dﬁ*)DS 7 background (B3), and other remain-
ing backgrounds (B4). The function used in the fit is
defined as

4
Soum = Nsig 'S+2kagi - By,

i=1

where N, and Ny, (; 23 4) represent the numbers of signal
events and background events, respectively. Ny, (124 are
free parameters, and Ny, is fixed according to BESIII
measurement in the fit, Ny,3 = 8.8 £ 0.9 [42,43], where
the number of events and the uncertainty are from the cross
section measurements.

The signal PDF is described by S = BW(M;*;M.T") ®
DG(my,061,m,, 05, ) ® G(Am, Ac), where BW stands
for the Breit-Wigner function with mass M and width I’
fixed, DG is a double Gaussian function that describes the
mass resolution and mass shift in the simulation, and G is a
Gaussian function that accounts for the mass resolution
difference between data and MC simulation. The param-
eters m,(m,) and o,(0,) represent the mean and standard
deviation of the first (second) Gaussian function in the
double Gaussian model, while f is the fraction of the first
Gaussian component over the whole DG. To get the
parameters of the double Gaussian function, the M;elc -
M distribution from the signal MC samples is fitted,
where M;‘}“h is the recoil mass spectrum of the y,
distribution at generator level. The parameters of the
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FIG. 1. Fits to the M spectrum with masses and widths fixed to those of the 1, (2D), x.1(3P), y.2(3P), X(4080), X(4217), and
X (4279) as listed in Table I. The dots with error bars are the data distribution and the blue solid lines are the best fit results. The red
arrows indicate the peak positions of those six X states with masses fixed to the predictions listed in Table 1.

Gaussian function are obtained by using a control sample,
ete”™ — DED;T. The selection of the control sample is
similar to that of the signal sample, except that only one
photon is required instead of two. The D, and D} mass
distributions from data are fitted with the line shape from
MC samples convoluted with Gaussian functions. The
parameters of the Gaussian function, representing the
difference of the mass resolutions between data and
MC simulation, are then used as the parameters of the
Gaussian function in the extraction of the X signal yield.

The Bj;;) line shape is taken from the ete” —
(risR)DEDYT (ete™ = (yisr)DiEDsT) MC  simulation,
B; is from the sum of the ete™ — (yir)DiD(2317)
and (ysr)DS”D,;(2460) MC simulations (weighted
according to the product of the cross sections and detection
efficiencies), and B, is modeled by a polynomial function.

Figure 1 shows the fit results where the masses and
widths of the X states are fixed to the predictions listed in
Table I. The signal yields are summarized in Table II. Since
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TABLE IL

Product of upper limits of Born cross section of e e~ — yX and the branching fraction of X — D DT at 90% CL for each

candidate C-even state, where f7, f”, Nq, NS; Niei 24> and € are the ISR correction factor, the vacuum polarization correction factor,

the number of signal events, the upper limit on the number of signal events, the numbers of background events, and the average detection
efficiency, respectively. “cU" - B with sys” stands for the upper limits of the cross section times the branching ratio with systematic

uncertainties. “Significance” represents statistical significance.

Ne2(2D) 2c1(3P) Ze2(3P) X (4080) X(4217) X(4279)
f 1.06 1.06 1.06 1.06 1.06 1.06
r 1.05 1.05 1.05 1.05 1.05 1.05
NG 5.2 10.1 11.4 2.4 6.0 12.2
N 46738 4.0738 5.0134 -0.3%93 L1 5314
Nikel 43.177¢ 423173 422173 42,9773 42,7513 42,1774
Nokg2 6.6157 82137 79137 82737 83137 7.8737
Nikgs 6.0%0%3 0.0°20 0.0°23 0.0559 0.0%53 0.0122
Significance (o) e 1.4 1.6 e 0.5 1.5
€(107%) 3.73 3.48 3.26 4.21 3.50 3.11
oVt - B with sys. (pb) 10.7 23.4 28.3 4.1 13.5 32.4

no events are retained near the Dy DT mass threshold, the
number of X(4080) signal yields is calculated using
Nops — Nokg(12.3.4)» Where Ny =0 is the number of
observed events, Nyyg(1234) are the numbers of back-
ground events obtained from the fit with N, set to zero. All
the numbers are counted within [4.068,4.098] GeV/c?,
which is about 3¢ around the X(4080) nominal
mass. The statistical significance is evaluated by using
V/21n(Lyax/Lo)]/(Andf = 1), where In Ly, and In L are
the logarithmic likelihood values with and without the
signal component in the fits, and Andf is the change of
the number of degrees of freedom. The upper limits of the
number of signal events are calcualted using a Bayesian
method [44] with a prior. The likelihood distribution, L(x),
is obtained by repeating the fit to the M} spectrum with a
series of fixed values for the number of signal events, x. The
upper limits at 90% confidence level (CL) are determined

UL

from fév“g L(x)dx/ [$° L(x)dx = 0.9, as listed in Table I

In addition, upper limits for the signal cross sections as a
function of the X masses in the range [4.08,4.32] GeV/c?
are also provided. From studies of simulation samples
(Group-II), it is found the parameters m, — m;, 6,/0;, and
f of the resolution function are very similar for various
widths and J”€. The parameters are found to be

m, —m; = (15.6 £0.2) MeV/c?,
6,/061 =3.01 £0.02,
£ = 0.692 % 0.005, (1)
using the MC sample with I' = 50 MeV and J"¢ = 0=+,

and they are fixed in the latter fit to M}°. The m; and o,
dependence on the mass of the X state are shown in Fig. 2.

A parametrization of the resolution, as a function of m; and
o1 vs My distributions, is fitted with first order polynomial
functions. The dependencies of m; and ¢; on other width
and JPC are studied separately. The trends are similar to
those shown in Fig. 2. The mass resolutions of the X in the
region [4.08,4.32] GeV/c? are evaluated from these fitted

m, (MeV/c?)

PR R TS S T
4.1 4.2 4.3

M, (GeVic?)

7.6

7.4

o, (MeVi/c?)

PR T B S B
4.1 4.2 4.3

M, (GeVic?)

FIG. 2. My dependence of m; (upper) and o, (lower) for I =
50 MeV and JP¢ = 0~F according to MC simulation studies.
The solid lines are the fit results.
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FIG. 3.

Upper limits on the number of X signal events as a function of X mass for different quantum numbers (J7¢€ = 0=+, 1=+, 1+,

27+, and 27) and widths of the X (I' =5 MeV, 10 MeV, 20 MeV, 50 MeV, 80 MeV, and 100 MeV).

function. The upper limits of the number of signal events as
a function of the X mass for different X widths and
quantum numbers are shown in Fig. 3.

V. CROSS SECTION CALCULATION

The Born cross section of ete™ — yX times the branch-
ing fraction of X — D D5 is calculated as

Nsi
= . (2)

. i *:F =
o B[X — DS Dy } ['imfrva[D‘t — }/DS}E‘

where N, is the number of signal events obtained

the fit, &=37,  eul3;B; represents the
average detection efficiency, where €, is the detection
efficiency for ete™ — yX,X —» DID;T,D;T — yDY,
DY — j.Dy — k; and B; (By) is the branching fraction
of D} — j (D7 — k). Here j and k are the first and second
decay modes of the D,. The ISR correction factor
(f"=(1+446)) is calculated following the procedure
described in Refs. [31,32]. The vacuum polarization
correction factor is f* = 1/|1 =I|* [45]. B[D: — yD,]
is the branching fraction of D} — yD,. The results are
summarized in Table II. The product of the upper limit
of the cross section and the branching fraction ranges
between 4 pb and 35 pb, depending on the mass and width
of the X states.

from

Figure 4 illustrates the upper limits of o'% - B[X —
DI D] under different assumptions of the mass, width,
and JPC of the X states after considering all the systematic
uncertainties. Detailed descriptions of the systematic uncer-
tainties are provided in the subsequent sections. The
detection efficiency as a function of M for different width
and JPC assumptions of the X state is estimated from
Group-II MC simulations. The My dependence of the
detection efficiency is fitted with a first order polynomial
function, as shown in Fig. 5.

In the calculation of the upper limits of Born cross
sections displayed in Fig. 4, the detection efficiencies are
extracted from the fitted curves and combined into the
average detection efficiency €.

VI. SYSTEMATIC UNCERTAINTY ESTIMATION

The systematic uncertainties on ¢ - 3 are mainly origi-
nated from the luminosity measurement, the detection
efficiency, the quoted branching fractions, the ISR correc-
tion factor, and the fit models. The uncertainty from the
vacuum polarization correction is negligible. A summary of
systematic uncertainties is given in Table III. The total
systematic uncertainty is taken as a quadrature sum of each
contribution:

(a) The integrated luminosity is measured using Bhabha
scattering events, with an uncertainty of 1.0% [23].

w
a
T

2 JPC =07 VIS
¥ 30F -5 Mev
= ~10 MeV
3 25} ~20 Mev
X, ok =50 Mev
5 20F 50 Mev
< 15_—100M8V
?
o 10
D
= 5
©
O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
41 415 42 425 43 41 415 42 425 43 41 415 42 425 43 41 415 42 425 43 41 415 42 425 43
M, (GeVie?)

FIG. 4. Upper limits on gleTe™ — yX] - B[X — D¥D;¥] as a function of X mass for different quantum numbers (J*¢ = 0=F, 177,
17+, 27, and 2") and widths of the X (I' =5 MeV, 10 MeV, 20 MeV, 50 MeV, 80 MeV, and 100 MeV) after considering the

systematic uncertainties.
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FIG. 5. My dependence of the efficiencies for the four channels for different J7€ and width assumptions. The lines are the fit results.
TABLE III. Summary of systematic uncertainties (in %) for the Born cross section measurements.
Source JPC =0 1= I 2=+ 2+
Integrated luminosity 1.0 1.0 1.0 1.0 1.0
PID 5.7 5.7 5.7 5.7 5.7
Tracking 5.7 5.7 5.7 5.7 5.7
Photon reconstruction 2.0 2.0 2.0 2.0 2.0
K9 reconstruction 0.4 0.4 0.4 0.4 0.4
Kinematic fit 0.7 0.7 0.8 0.8 0.7
D, mass window 0.3 0.3 0.3 0.3 0.3
Dj mass window 0.1 0.1 0.1 0.1 0.1
ISR correction factor 24.6 24.4 23.8 235 23.7
Efficiency curve parameters 0.7 0.8 0.7 0.8 0.7
Efficiency curve parametrization 0.7 1.4 1.5 1.0 0.9
B(Di — yDy) 0.8 0.8 0.8 0.8 0.8
B(D;, - K*K™x) 33 33 33 33 33
B(D; — K$K) 0.8 0.8 0.8 0.8 0.8
B(KY - ntz™) 0.1 0.1 0.1 0.1 0.1
Total 26.3 26.1 25.5 252 254
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(d)
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The difference in the tracking efficiencies between
data and MC simulation is estimated to be 1.0% per
track for that decay from IP [46—48]. There are six
charged tracks in DC-I, four tracks in DC-II and
DC-III, and two tracks in DC-IV. The charged tracks
(ztn™) of the K(S) daughters are not counted. The
detection efficiencies of the four channels are changed
by £m - 1.0% to recalculate the Born cross section,
where m is the number of charged tracks in the
channel. The larger difference to the nominal result,
5.7%, is taken as the systematic uncertainty.

The systematic uncertainty from PID is 1.0% per 7/ K
track [46—48]. This uncertainty is calculated using the
same method as used for tracking efficiency, and 5.7%
is taken as the systematic uncertainty.

The systematic uncertainty of the photon reconstruc-
tion efficiency is 1.0% per photon [49] based on
studies of the processes y.o, — 7°z° ny. Because
there are two photons in the final state, 2.0% is
assigned as the systematic uncertainty.

The K9 reconstruction efficiency includes the
geometric acceptance, tracking efficiency, and the
candidate selection. The difference in the K(S)
reconstruction efficiency between data and MC sim-
ulation is estimated with the control samples of
J/w— K*(892)*KF,K*(892)* — K%x*, and J/yw —
qngKjE;fF [50] and is determined to be 1.2%. There is
one K9 candidate in DC-II and DC-III and two K9
candidates in DC-IV. The detection efficiencies of the
channels with Kg in the final state are varied by
4n - 1.2%, and the resulting detection efficiencies are
used to calculate the Born cross section, where 7 is the
number of Kg in the channel. The systematic uncer-
tainty for the K9 reconstruction is estimated by the
larger discrepancy between the two resulting Born
cross sections and the nominal value.

The systematic uncertainty caused by the 6C kin-
ematic fit is estimated by correcting the helix param-
eters of the simulated charged tracks [51]. The result
after correction is taken as the nominal one, and the
difference between the results with and without this
correction, 0.7% to 0.8%, is taken as the systematic
uncertainty.

The systematic uncertainties from the D, and D} mass
window requirements are due to the mass resolution
difference between data and MC. It is estimated by
correcting the mass resolution in MC to improve the
consistency between data and MC simulation. The
correction is applied by smearing the MC distribution
with a Gaussian function, and the parameters of the
Gaussian function are obtained from the control
sample of eTe™ — DID;T, D;T — yDF. The mean
and standard deviation of the Gaussian function
are (0.3+0.6) MeV/c?> and (3.7 +0.9) MeV/c?

(h)

(@)

0)

)
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for the D, (1.5+1.1)MeV/c*> and (0.5+
4.2) MeV/c? for the D:. The selection efficiency
difference with or without (used as nominal result)
the smearing procedure is taken as the systematic
uncertainty, which is 0.3% and 0.1% for the D, and
Dy, respectively.

In the nominal results, the detection efficiency and the
ISR correction factor are obtained by assuming the
Born cross section of ete™ — yX follows the line
shape of the w(4660), which is a well-established
vector state in this energy region. Different shapes of
the input cross sections result in different probabil-
ities of generating events with the ISR photon.
Assuming the branching fraction of y(4660) — yX
is small, the input cross section line shape is changed
to E; /s (E; term comes from the radiative transition
rate [52] and 1/s is based on the assumption that the
matrix element exhibits a similar c.m. energy
dependence as the pure continuum process), where
E, is energy of the radiative photon and s is the
square of the center-of-mass energy. There is a large
difference between the two input line shapes,
which leads to large differences in the detection
efficiencies and the ISR correction factors. The
changes in the resultant Born cross sections are
taken as the systematic uncertainty from the ISR
correction factor [53].

For the calculation of the Born cross section of
ete” - yX,X - DfD;T with different M under
assumed I" and JPC, the detection efficiency is read
from the fitted curves. The uncertainty in the effi-
ciency induced by the fitted parameters is Aej =
\/(m ‘Aap)?+(Abj)? +2-m-cov(ay.bj), where
aj. and bj, are the parameters of the polynomial
function, Aaj, and Abj; are the corresponding un-
certainties, and cov(a . b, ) is the covariance between
aj and bj given by the corresponding fit. The
detection efficiency, €, is varied by +Aej, and the
difference on the efficiency is taken as the systematic
uncertainty.

The systematic uncertainty from the parametrization
of the efficiency curves is estimated by changing the
fitted function from a first-order to a second-order
polynomial function. The average detection efficiency
is recalculated with parameters from the alternative
fitted curves. The largest difference between the
nominal and each fit result is taken as the systematic
uncertainty.

The branching fractions of D;— K'K™x,
D, - K%K, D; - yD,, and K} — n*z~ are taken
from the PDG [35], and their uncertainties are propa-
gated to the Born cross section measurement. The
systematic uncertainties caused by the branching
fractions of D; —» K*K~n, D, —» K%K, D} - yDj,
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and K§ —» ntz~ are 3.3%, 0.8%, 0.8%, and 0.1%,
respectively.

() The fit-related systematic uncertainties are estimated
by varying the fit models. The largest upper limit on
the number of signal events is taken as the upper
limit of the Born cross section with the systematic
uncertainty considered. The line shapes of the back-
ground contributions from e*te™ — (J/ISR)DSi DT
are taken from the MC simulations with the latest
precise measurements as input. The uncertainties are
found to be negligible. The systematic uncertainty
from the fixed number of background events for the

processes ete” — (yISR)Dg*)D” is estimated by
modifying Nye3 with =1 - 6. The uncertainty arising
from the modeling of the remaining background
events is accessed by replacing the zero-order
polynomial function with the line shape extracted
from generic MC simulation. In the determination
of the upper limit of the number of signal events
with different M under assumed width and JXC, the
mass resolutions are read from the fit curves shown
in Fig. 2. The systematic uncertainties from
my, —m,,0,/0,, and f are considered by varying
the parameters within their uncertainties, while the
systematic uncertainties from m; and o;, are con-
sidered by varying Am; and Ac;. The largest upper
limit on the number of signal events is taken, where
Am, and Ao, are calculated using the same formula
as used to calculate Aej. To take into account the
systematic uncertainties in the upper limit calcula-
tion, the likelihood distributions are convolved with
Gaussian functions as

1 N £ —¢)?
L'(x) = / L(x; N;z€/€) exp {— (€ 26) ]dé,
0 2asys.

where € is the nominal average detection efficiency,
and oy, is the systematic uncertainty [44,54]. The
upper limit of the Born cross section times the
branching fraction with fixed masses and widths
are listed in Table II. The upper limits of sleTe™ —
yX] - B[X - DED;7] as a function of X mass after
considering all the systematic uncertainties are dis-
played in Fig. 4.

VII. SUMMARY

In summary, based on a data sample collected at /s =
(4681.92 £+ 0.08 + 0.29) MeV with an integrated luminos-
ity of (1667.39 4+ 0.21 4- 8.84) pb~!, a search for C-even
states is performed via the process e*e™ — yDID;T. No
statistically significant signals are observed. Upper limits
onclete” —»yX|-B[X - DEDT] [X = ,(2D), y.1(3P),
x2(3P), X(4080), X(4217), and X (4279)] at 90% CL are

determined to be 10.7 pb, 23.4 pb, 28.3 pb, 4.1 pb, 13.5 pb,
and 32.4 pb, respectively. Upper limits with other mass and
width assumptions are also calculated and shown in Fig. 4.
Furthermore, the product of the upper limit of the cross
section and the branching fraction is between 4 pb to 35 pb.
Due to statistical limitations, the upper limit for y(4660) —
¥Xc12(3P) is below the sensitivity of the theoretical
prediction in Ref. [55]. There is no other theoretical
prediction for the cross sections of other C-even states.
More data samples and theoretical calculations are needed
to investigate the EM transition properties of y(4660).
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