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Using a data sample of 921.9 fb~! collected with the Belle detector, we study the process of e*e™ —
DDy (2536) + c.c. via initial-state radiation. We report the first observation of a vector charmoniumlike
state decaying to D} Dy, (2536)~ + c.c. with a significance of 5.9¢, including systematic uncertainties. The
measured mass and width are (4625.9782 (stat) £0.4(syst)) MeV/c? and (49.8172 (stat) =4.0(syst)) MeV,
respectively. The product of the eTe™ — D D (2536)~ + c.c. cross section and the branching fraction of
D,,(2536)" — D*°K~ is measured from the D D, (2536) threshold to 5.59 GeV.

DOI: 10.1103/PhysRevD.100.111103

In the past decade, measurements of the exclusive cross
sections for e e~ annihilation into charmed or charmed-
strange meson pairs above the open-charm threshold have
attracted much attention [1-10]. These open-charm final
states are dominantly produced from the Okubo-Zweig-
lizuka (OZI)-allowed strong decays of excited vector
charmonium states (y states). A comprehensive study of
the exclusive ete™ cross sections to various open-charm
final states could help one to understand the couplings of
these y states, and extract their resonant parameters.

Many additional Y states with JP¢ = 17~ with masses
above the open-charm threshold have been discovered in
the last 14 years [11-19]. It has been noticed that the Y
states above the open-charm threshold do not appear
explicitly as peaks either in the total hadronic cross section
or in the exclusive et e~ cross sections to open-charm final
states [20] [the only vector charmoniumlike states which
reveal themselves as peaks at threshold are the ¥ (4630) and
Y (4220) observed in the A7 A7 and z+D°D*~ final states,
respectively [21,22]]. In ete” - Y — ztz J/y and
atx yw(2S) [Y = Y(4260), Y(4660)] processes, events
in 77~ mass spectra tend to accumulate at the f(980)
nominal mass, which has an s5 component. Thus, it is
natural to search for Y states with a (c5)(¢s) quark
component. As mentioned in Ref. [23], bound states of
DD, mesons, e.g., DD, (2536), can appear as a result of
f0(980) exchange. Unfortunately, open-charmed-strange
production associated with these Y states has not yet been
observed.

In this Letter, we perform a measurement of the exclusive
cross section for ete™ — D¥ D (2536) (D, (2536)" —
D*K=/D*~K%) as a function of center-of-mass (C.M.)
energy from the D} D, (2536)~ mass threshold to 5.59 GeV

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

via initial-state radiation (ISR) [24]. In this process, a
charmoniumlike state decaying to D] D,(2536)" is
observed for the first time. The data used in this analysis
correspond to 921.9 fb~! of integrated luminosity at C.M.
energies of 10.52, 10.58, and 10.867 GeV collected by the
Belle detector [25] at the KEKB asymmetric-energy e*e™
collider [26,27].

We use PHOKHARA [28] to generate signal Monte Carlo
(MC) events, determine the detector efficiency, and optimize
selection criteria for signal events. Generic MC samples of
Y(4S) — B*B~/B°B°, Y(55) — BB, and ete~ —
q3(q = u,d,s,c) at \/s = 10.52, 10.58, and 10.867 GeV
with four times the luminosity of data are used to study
possible backgrounds.

We fully reconstruct the ISR photon yr, Dy, and
K~/K%, but do not reconstruct the D*°/D*~. Since the
D*°/D*~ decays are not reconstructed, the detection effi-
ciency for the eTe™— D D,,(2536)"(—»D*'K~/D*"K?)
process is greatly improved. For the measurement of
the ete™ — D D,(2536)" cross section, we determine
the invariant mass spectrum of DD (2536)"
(M(D} Dy (2536)7)), which is equivalent to the mass
recoiling against yisrg (Mrec(risr))- Here, Miec(yisr) is

calculated using Mie.(risr) = 1/ (Pem. — Py )?> Where
Pcy.- and P, are the four-momenta of the initial ete”
system and the ISR photon, respectively. However, the
energy resolution of ygg is very poor due to its high energy.
We constrain the recoil mass of the yisg Dy K~ /yisg Dy K& to
the nominal mass of the D**/ D*~ meson [29] to improve the
resolution for the ISR photon for events within the D*°/ D*~
signal region. Before applying the mass constraint, the mass
resolution of the M(D;] D,;(2536)7) system is about
180 MeV/c?. As a result of the constraint, the mass
resolution is significantly improved, to about 5 MeV/c?.
The D} candidates are reconstructed using eight decay
modes: ¢nt, K*(892)°K*, KK, K"K~ n"n°, KoK,
K*(892)+K(§, nat, and 'z". We use the techniques of
Ref. [30] to reconstruct particles such as photons, charged
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pions and kaons, and K9. The ¢, K*(892)°, and K*(892)"
candidates are reconstructed in the KTK~, K~ 2", and
K97 decay modes. The invariant masses of the K9, ¢,
K*(892)° and K*(892)" candidates are required to be
within 10, 10, 50, and 50 MeV/ c? of the corresponding
nominal masses [29] (>95% signal events are retained),
respectively.

The most energetic ISR photon is required to have
energy greater than 3 GeV in the ete” C.M. frame.
Pairs of photons are combined to form z° candidates.
The energies of the photons from z° are required to be
greater than 50 MeV in the calorimeter barrel and 100 MeV
in the calorimeter end caps [31] in the laboratory frame.
The » candidates are reconstructed via yy and 'z~ z°
decay modes. Photon candidates from # — yy are required
to have energies greater than 100 MeV in the laboratory
frame. The reconstructed # candidates are then combined
with z7 7~ pairs to form 7’ candidates. The mass windows
applied for 7% 5 — yy, n —» a* 2~ 2°, and #' candidates are
+12, 420, £10, and +10 MeV/c?, which are within
approximately 2.5¢ of the corresponding meson nominal
masses [29]. After applying the mass window require-
ments, mass-constrained fits are applied to the z°, 5, and #/
candidates to improve their momentum resolutions.

Before calculation of the D} candidate mass, a fit
to a common vertex is performed for charged tracks in
the D} candidate. After the application of the above
requirements, D} signals are clearly observed. We define
the Dy signal region as |M(D])—mp:|<12MeV/c?
(~2.00). Here and throughout the text, m; represents
the nominal mass of particle i [29]. To improve the
momentum resolution of the D meson candidate, a
mass-constrained fit to the D nominal mass [29] is
performed. The D} mass sideband regions are defined
as 1912.34 <M(D}) <1936.34 MeV/c?> and 2000.34 <
M(Dy) < 2024.34 MeV/c?, which are twice as wide as
the signal region. The Dy candidates from the sidebands are
also constrained to the central mass values in the defined D
sideband regions. The D7 candidate with the smallest y?
from the D] mass fitis kept. Besides the selected ISR photon
and DY, we require at least one additional K~ or Kg
candidate in the event, and retain all the combinations
(the fraction of events with multiple candidates is 1.7%).

Figure 1(a) shows the sum of the recoil mass spectra
against the yigg DT K~ and yigr DT K 2 systems after requir-
ing the events be within the Dy, (2536)~ signal region (see
below) in data. Due to the poor recoil mass resolution, the
D*/D*~ signal is very wide. The D*°/D*~ signal compo-
nent is modeled using a Gaussian function convolved with a
Novosibirsk function [32] derived from the signal MC
samples, while the combinatorial backgrounds are described
by a second-order polynomial. The solid curve is the total fit;
the D*°/D*~ signal yield is 275+ 32. We define an
asymmetric requirement of =200 < M (yisg Dy K=/ K$) —

mpo p- <400 MeV/c? for the D**/D*~ signal region.
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FIG. 1. (a) The recoil mass spectrum against the y;gg Dy K~/ K(S)
system before applying the D*°/D*~ mass constraint. The yellow
histogram shows the normalized D (2536)~ mass sidebands (see
below). The red dashed lines show the required D*°/D*~ signal
region. (b) The recoil mass spectrum against the y;gr Dy system
in data. The yellow histogram shows the normalized Dy mass
sidebands. The red dashed lines show the required Dy (2536)~
signal region, and the blue dashed lines show the D, (2536)~
mass sidebands.

Hereinafter the D*°/D*~ mass constraint is applied for
events in the D**/D*~ signal region to improve mass
resolution.

The recoil mass spectrum against the ygr Dy system
after requiring the events within D*°/D*~ signal region is
shown in Fig. 1(b). A clear D,;(2536)" signal is observed.
The signal shape is described by a double Gaussian
function (all the parameters are fixed to those from a fit
to the MC simulated distribution), and a threshold function
is used for the backgrounds. The threshold function is
(M e _xthr)ae[ﬂl(Mrec_x(hr)+ﬂ2(Mrec_x!hr>2]’ where M,.. is the
recoil mass of the yrD{; the parameters a, f;, and
p, are free; the threshold parameter xg, is fixed from
generic MC simulations. The fit yields 254 36
Dy, (2536)~ signal events as shown in Fig. 1(b) [33]. We
define the D,;(2536)~ signal region as |M . (yisrDy) —
me,(2536)‘| < 8 MeV/c? (~2.56), and sideband regions as

shown by blue dashed lines, which are three times as wide
as the signal region. To estimate the signal significance

of the D,,(2536)~, we compute /—21In(Ly/Lumax) [34],
where £, and L, are the maximized likelihoods without
and with the D, (2536)~ signal, respectively. The statistical
significance of the D, (2536)~ signal is 8o.

The D;iD,;(2536)" invariant mass distribution is
shown in Fig. 2(a). There is a significant peak around
4626 MeV/ ¢?, while no structure is seen in the normalized
D,;(2536)" mass sidebands shown as the yellow histo-
gram. In addition, no peaking background is found in the
DD (2536) mass distribution from generic MC sam-
ples. We therefore interpret the peak in the data as evidence
for an exotic charmoniumlike state [35] decaying into
DD (2536), called Y(4626) hereafter.

One possible background, which is not included
in the D,;(2536) mass sidebands, is from ete™ —
Dt (- D{y)D,(2536)", where the photon from the
D remains undetected. To estimate such a background
contribution, we measure this process with the data

111103-4
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FIG. 2. (a) The Dj D,;(2536)~ invariant mass spectrum for

ete™ - DY D, (2536)". (b) The Di" D (2536)" invariant mass
spectrum for ete™ — DitD;(2536)". All the components
including those from the fit to the Dy D (2536)~ invariant mass
spectrum are indicated in the labels and described in the text.
Note that the cyan shaded histograms in the top/bottom show
the D} D,;(2536)"/D;*tD,;(2536)~ invariant mass spectrum
from DDy, (2536)~ /Dy D,;(2536) background contribution
after applying the requirements to reconstruct e*e” —
Di D, (2536)" Jete~ — DD, (2536)".

following the same procedure as used for the signal
process. We require an extra photon with E, > 50 MeV
in the barrel or E, > 100 MeV in the end caps to combine
with the DY to form the Di™ candidate. The mass and
vertex fits are applied to the D™ candidates to improve
their momentum resolution. In events with multiple can-
didates, the best candidate is chosen using the lowest y?
value from the mass-constrained fit. The same D*/D*~
signal region requirement on M. (yisg Di ™K~ /K?) and the
D*°/D*~ mass constraint are applied as before in
ete” = D} D(2536). In the recoil mass spectrum of
the yisr D an excess of 28 + 13 D,;(2536)~ signal events
with a statistical significance of 2.4¢ is observed in the
D,1(2536)~ signal region.

After requiring the D K~/K% mass to be within the
D,;(2536)~ signal region, the D" D,;(2536)" invariant
mass distribution is shown in Fig. 2(b). Note that the
process ete™ — DD (2536) is a source of back-
grounds for the eTe™ — Di"D(2536)” when the D]
candidates are combined with low energy photons
to form D" candidates. From Fig. 2(b), no obvious
structure is observed. The normalized contribution
from ete™ — DiTD,;(2536)” to ete™ — DiD,;(2536)"
is the cyan shaded histogram which is shown in

Fig. 2(a), and which is normalized to correspond to

obs .
NDp,, (2536)-€D3 Do (2536) /€Dy D, (2530~ events.  Here

N‘z)“ﬁD (536 18 the yield of ete” —» DiTD;(2536)
signal events in each M(D}*D,(2536)") bin in data
after subtracting the normalized D;(2536) sidebands
and the eTe™ — D} D,;(2536)~ background contribution,
and &pip (2536 and ep:p (2536~ are the reconstruc-
tion efficiencies for eTe™ — D} D(2536)™ and ete™ —
D" D,;(2536)7, respectively, where the ratio of efficien-
cies is (1.00 £ 0.02). The yield of DD (2536) after
background subtraction for the entire region in Fig. 2(b) is
(11.6 £ 3.6). A similar method is applied to estimate the
background contribution from e"e” — D D (2536)"
to eTe” - DI D(2536)".

We perform an unbinned likelihood fit simultaneously
to the M(D{ D,;(2536)7) distributions of all selected
Dy (2536)~ signal candidates, the normalized Dy (2536)
mass sidebands, and the eTe™ — Di"D,(2536)~ contri-
bution. The yields in the normalized D,;(2536)" mass
sidebands and the e*e™ — DD (2536)~ contribution
are fixed in the fit. The following components are included
in the fit to the M (D} D,,(2536)~) distribution: a resonance
signal, a nonresonant contribution, the D;(2536)” mass
sidebands, and an e™e™ — D" D,;(2536)~ contribution. A
Breit-Wigner (BW) function convolved with a Gaussian
function (with its width fixed at 5.0 MeV/c? according
to the MC simulation), multiplied by an efficiency func-
tion that has a linear dependence on M (D D,;(2536)7)
and the differential ISR effective luminosity [36], is
taken as the signal shape. Here the BW formula used has
the form [37]

B A/ 127Z'reer <I)2
Vo) = s—M*+iMT \| &, (M

where M is the mass of the resonance, I" and I',, are the total
width and partial width to e*e™, B, = B(Y(4626) —
D{D,;(2536)7) x B(D,(2536) —>D*0K ) is  the
product branching fraction of the Y(4626) into the
final state, and @, is the two-body decay phase space
factor that increases smoothly from the mass threshold
with /s, respectively. A two-body phase space form is
also taken into account for the nonresonant contribu-
tion. The D,;(2536)" mass sidebands and the ete™ —
D" D, (2536)~ contribution are parametrized with thresh-
old functions.

The fit results are shown in Fig. 2(a), where the solid
blue curve is the best fit, the blue dotted curve is the sum
of the backgrounds, the red dot-dashed curve is the fitted
result to the normalized Dg;(2536)" mass sidebands,
and the violet dot-dashed curve is for the ete™ —
D™Dy (2536) contribution. The yield of the Y(4626)
signal is 89"/, The statistical significance of the ¥ (4626)
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signal is 6.50, calculated from the difference of the
logarithmic likelihoods [34], —2In(Ly/Lyax) = 50.4,
where £, and L, are the maximized likelihoods without
and with a signal component, respectively, taking into
account the difference in the number of degrees of freedom
(Andf = 3). The parametrization of the nonresonant con-
tribution is the dominant systematic uncertainty for the
estimate of the signal significance. Changing the two-
body phase space form to a threshold function parametrized
by /M — xy, or a two-body phase space form plus a
threshold function, the Y(4626) signal significance is
reduced to 5.90. We take this value as the signal signifi-
cance with systematic uncertainties included. The fitted
mass and width for the Y(4626) are (4625.9"57(stat)+
0.4(syst)) MeV/c? and (49.8"32 (stat) +4.0(syst)) MeV,
respectively. The value of T, x B(Y(4626) —
Dy D (2536)7) x B(D,,(2536)" — D*°K~) is obtained
to be (14.3738(stat) & 1.5(syst)) eV. The systematic
uncertainties are discussed below.

The ete™ — DFD,;(2536)~ cross section is extracted
from the recoil mass spectrum against the yrD7
system. The product of the et e~ — D} D, (2536)~ dressed
cross section (o) [38] and the decay branching fraction
B(D,;(2536)~ — D*K~) for each D} D,,(2536)~ mass
bin from threshold to 5.59 GeV/c? in steps of 20 MeV/c?
is computed as

o(ete™ = D{ D, (2536)7)B(D;, (2536)~ — D*°K~)
NP5

dLx [Z;(eP K x B)) —l—Rg

— 0 . (2)
*o,[;f xZi(ef) Ks xB;)]
where N2 i the yield of fitted Dy (2536)" signal
events after subtracting the e*e™ — DitD,(2536)"
background contribution in data, dL is the effective

luminosity [36], Z;(e?K xB;) and Z,-(elp* K5 x B;)
are the sums of the product of the reconstruction
efficiency and branching fraction for each D] decay mode
(i) in Dy (2536)" — DK~ and Dy, (2536)"—D* K9,
and Ro.5 = B(D,,(2536)" = D KY)/B(D,, (2536)" —
D*OK‘) =0.425+0.06 taken from Ref. [29]. The
values used to calculate o(eTe™ — D{D(2536)7)x
B(D,;(2536) — D*°K~)  are = summarized  in
Supplemental Material [33]. In the fit to the recoil mass
spectrum of ygr DY combinations in each D D;(2536)~
mass bin, the D;(2536) signal shape is fixed to that from
the overall fit, as shown by the blue solid curve in Fig. 1,
and a threshold function is used for the backgrounds. The
resulting o(eTe” —» Di D, (2536)7) x B(D,;(2536)" —
D*0K~) value as a function of M(D{ D,;(2536)") is shown
in Fig. 3 with the statistical and systematic uncertainties
discussed below summed in quadrature.

oo |
=
. %

G x Br (nb)

M(DD,(2536)) (GeV/c?)

FIG. 3. The product of the ete™ — Dy D,(2536) cross
section and branching fraction B(Dy;(2536)” — D*K~) as a
function of M(Dj D;;(2536)7); here the statistical and system-
atic uncertainties are summed in quadrature. Here, the correlated
systematic uncertainties from the detection efficiency, branching
fraction, and luminosity are not included.

The sources of systematic uncertainties for the cross
section measurement include detection-efficiency-related
uncertainties, branching fractions of the intermediate states,
fit uncertainty, resonance parameters, the MC event gen-
erator, ete™ — DiTD;(2536)~ background contribution,
mass resolution as well as the integrated luminosity.
The detection-efficiency-related uncertainties include those
for tracking efficiency (0.35%/track), particle identification
efficiency (1.1%/kaon and 0.9%/pion), Kg selection effi-
ciency (1.4%) [40], z° reconstruction efficiency (2.25%/x°)
and photon reconstruction efficiency (2.0%/photon). The
above individual uncertainties from different D} decay
channels are added linearly, weighted by the product
of the detection efficiency and D/ partial decay width.
These uncertainties are summed in quadrature to obtain the
final uncertainty related to the reconstruction efficiency.
Uncertainties for D7 decay branching fractions and Rg:ollj;%
are taken from Ref. [29]; the final uncertainties on the D
partial decay widths are summed in quadrature over the
eight DY decay modes weighted by the product of the
efficiency and the D partial decay width. Systematic
uncertainties associated with the fitting procedure are
estimated by changing the order of the background poly-
nomial and the range of the fit. The deviations from
nominal fit results are taken as systematic uncertainties.
Changing the values of mass and width of D;(2536)~ by
1o [29] in each M(D{ Dy, (2536)7) bin has no effect on the
fits. Thus, the uncertainty from the resonance parameters
can be neglected. The PHOKHARA generator calculates
the ISR-photon radiator function with 0.1% accuracy
[28]. The uncertainty attributed to the generator can also
be neglected.

By fitting the D,;(2536)" mass spectrum in each
M(D?"Dy;(2536)7) bin for eTe™ — D" D(2536)", we
find the signal yields are less than 1. In addition, the
Dy, (2536)" signal from the ete™ — D" D (2536)~ con-
tribution has a much poorer mass resolution according to
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TABLE I. Summary of the absolute systematic uncertainties
(64ys) on the product of e*e™ — DfD,;(2536) cross section
and the decay branching fraction B(D,;(2536)~ — D*°K~) for
different M(D{ D,,(2536)) bins.

Source Gsys (PD)
Detection efficiency 0.0-8.1
Branching fractions 0.0-7.4
Fit uncertainty 0.5-36.2
Mass resolution 0.1-7.7
Luminosity 0.0-2.5
Quadratic sum 0.6-36.3

MC simulation. Therefore, the systematic uncertainty
associated with the ete™ — Di"D,;(2536)~ contribution
is neglected. The MC simulation is known to reproduce the
resolution of mass peaks within 10% over a large number of
different systems. The systematic uncertainty in the mass
resolution is estimated by comparing the yields when the
mass resolution is changed by 10%. The total luminosity is
determined to 1.4% precision using wide-angle Bhabha
scattering events. All the uncertainties are summarized in
Table I. Assuming all the sources are independent, we sum
them in quadrature to obtain the total systematic
uncertainties.

The following systematic uncertainties on the measured
mass and width for the Y(4626), and the TI,,Xx
B(Y(4626) — D} D,,(2536)7) x B(D,;(2536)~ — D*°K ™)
are considered. The resultant systematic uncertainties
attributed to the mass resolution in the width and I',, X
B(Y(4626) — D} D,,(2536)7) x B(D,,(2536)~ — D*°K~)
are 0.3 MeV and 0.1 eV. By changing the nonresonant
background shape to a threshold function or to the sum of a
two-body phase space form and a threshold function, the
differences of 0.3 MeV/c? and 3.9 MeV in the measured
mass and width, and 1.3 eV for the T',, x B(Y(4626) —
D{ D,;(2536)7) x B(D,;(2536)~ — D*°K~), respectively,
are taken as systematic uncertainties. The uncertainty in the
efficiency correction from detection efficiency, branching
fractions of the intermediate states, and integrated lumi-
nosity is 4.9%. Changing the efficiency function by 4.9%
gives a 0.1 MeV/c? change on the mass, 0.2 MeV on the
width, and 0.7 eV on the product I',, x B(Y(4626) —
D{ D (2536)7) x B(D,;(2536)~ — D*°K~). Finally, the
total systematic uncertainties on the Y (4626) mass, width,
and T,,xB(Y(4626)—D; D,;(2536)7)xB(D;;(2536)"—
DK~) are 0.4 MeV/c?, 40 MeV, and 1.5 eV,
respectively.

In summary, the product of the ete =Dy D (2536)~
cross section and the decay branching fraction
B(D,;(2536) — D**K~) is measured over the C.M.
energy range from the Dy D (2536)” mass threshold
to 5.59 GeV for the first time. We observe the first

vector charmoniumlike state decaying to a charmed-
antistrange and anticharmed-strange meson pair
Di D (2536)" with a signal significance of 5.9¢ with
systematic uncertainties included. The measured mass
and width are (4625.9782(stat) +-0.4(syst)) MeV/c? and
(49.81/72(stat) & 4.0(syst)) MeV, respectively, which are
consistent with the Y (4660) mass of (4643+9)MeV/c?
and width of (72 +11) MeV [29] within uncertainties.
The I',,xB(Y(4626)— D D (2536)7)xB(Dy; (2536) —
D*K~) is obtained to be (14.373%(stat) £ 1.5(syst)) eV.
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