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A search for double-heavy tetraquark state candidates X ..; decaying to D DY and Dt D™ is presented
for the first time using the data samples of 102 x 10 Y(1S) and 158 x 10% T(2S) events, and the data
samples at /s = 10.52, 10.58, and 10.867 GeV corresponding to integrated luminosities of 89.5, 711.0,
and 121.4 tb~!, respectively, accumulated with the Belle detector at the KEKB asymmetric energy
electron-positron collider. The invariant-mass spectra of the Dj D and D**D}* are studied to search for
possible resonances. No significant signals are observed, and the 90% confidence level upper limits on
the product branching fractions [B(Y(1S,2S) — X, + anything) X B(X .5 — Dy Dy (DiTDi1))] in
T(1S.2S) inclusive decays and the product values of Born cross section and branching fraction
[6(eTe™ = X5 + anything) x B(X 55 — DDy (D:TDiT))] in ete™ collisions at +/s = 10.52,
10.58, and 10.867 GeV under different assumptions of X, masses and widths are obtained.

DOI: 10.1103/PhysRevD.105.032002

I. INTRODUCTION

The hadron spectrum was successfully categorized based
on the quark model as early as the 1960s [1]. For a long
time, all known hadrons could be classified as mesons or
baryons with components of a quark-antiquark pair (¢g) or
three quarks (qqq), respectively. However, quantum
chromodynamics (QCD) also allows the existence of more
complex structures, such as the tetraquark, pentaquark, or
glueball, which possess properties that are forbidden for
conventional hadrons. The states that do not fit into the
ordinary ¢g or gqq scheme in the quark model are referred
to as exotic states.

The experimental discovery of exotic states began in
2003 with the observation of the X(3872) [2]. This new
state did not fit any ordinary c¢¢ quarkonia in the quark

*University of Petroleum and Energy Studies, Dehradun
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model. After that, the X(3872) was observed in multiple
decay modes and confirmed by various experiments [3—5].
Many different theoretical interpretations of this state have
been proposed, such as meson molecule, tetraquark, and
conventional bound state [6—10]. During the past two
decades, there has been considerable world-wide activity
in exotic state research using various processes, such as
ete™ annihilation (e.g., at z-charm facilities and B facto-
ries), hadron collisions (e.g., at the Tevatron and the LHC),
or photo- and leptoproduction (e.g., at the SPS, HERA, or
at Jefferson Lab), and many exotic state candidates were
observed [11,12].

In searches for exotic states, a clear feature that helps
distinguish exotic from ordinary hadrons would be a
nonzero electric charge in a state which contains a heavy
quark-antiquark pair of the same flavor. Such a state must
contain at least one more quark-antiquark pair, and is thus
not a conventional quark-antiquark meson. Furthermore,
a state with a pair of two identical heavy flavor quarks
(for example, cc), has even more pronounced features as
an exotic state. Very recently, the LHCb experiment
announced observation of an open-double-charm state
TY in the D°D°z" mass spectrum near threshold
[13,14]. It contains two charm quarks and two light quarks,
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TABLE L. Predicted masses and widths for the X . ;; resonances
in DD and D!t D" final states [19].
Mass Width
Mode J° (MeV/c?) (MeV)
X,e5s = DI DY 00" 4902 3.54
X.5s = DiTD:F 02+ 4821 5.58
02+ 4846 10.68
02+ 4775 23.26

thus it is a clear evidence for an exotic state. On the
theoretical side, in addition to tetraquark models based on a
heavy quark pair and two light quarks, the double-heavy
tetraquark states are studied using QCD sum rules [15],
quark models [16,17], and lattice QCD computations [18].
Besides, a QCD-inspired chiral quark model gives a
prediction on the tetraquark states denoted as X,..; with
+2 electric charge in spin-parity channels J© = 0% and 2,
which are expected to be found in DI DY and DT D™ final
states [19]. The predicted masses and widths of those
resonances are listed in Table I. Among the three predicted
resonances in D} DT final state, the narrowest one has the
highest observable probability.

In this paper, we present a search for double-heavy
tetraquark candidates using the Dy Dy and D+ D:™ final
states in Y(1S,2S) inclusive decays, and ete” —
DD} (D D;t) + anything processes at /s = 10.52,
10.58, and 10.867 GeV. The D*" candidates are recon-
structed in decays to Dy, while the D! candidates
are reconstructed in the DY — ¢(—>K K )z" and
K*(892)°(—»K~zt)K* decays. Inclusion of charged-
conjugate modes is implicitly assumed throughout this
analysis.

II. THE DATA SAMPLE AND THE
BELLE DETECTOR

The data samples used in this analysis include: a
5.74 tb~! data sample collected at the Y(1S) peak
[102 x 10° T(1S) events], a 24.7 fb~! data sample col-
lected at the Y(2S) peak [158 x 10° T(2S) events], an
89.5 fb~! data sample collected at /s = 10.52 GeV, a
711 fb~! data sample collected at /s = 10.58 GeV, and a
121.4 fb~! data sample collected at /s = 10.867 GeV,
where s is the center-of-mass energy squared. All the data
were collected with the Belle detector, which is described in
detail in Ref. [20], operating at the KEKB asymmetric-
energy et e collider [21]. It is a large-solid-angle magnetic
spectrometer consisting of a silicon vertex detector,
a 50-layer central drift chamber, an array of aerogel
threshold Cherenkov counters, a barrel-like arrangement
of time-of-flight scintillation counters, and an electromag-
netic calorimeter comprising CsI(TI) crystals located inside
a superconducting solenoid coil that provides a 1.5 T
magnetic field. An iron flux return comprising resistive

plate chambers placed outside the coil was instrumented to
detect K9 mesons and to identify muons.

Monte Carlo (MC) signal events are generated with
EVTGEN [22] and processed through a full simulation of the
Belle detector based on GEANT3 [23]. Initial-state radiation
(ISR) is taken into account assuming that the cross sections
follow a 1/s dependence in ete™ — X, .5 + anything
reactions. The processes T(1S,2S) - DD (D:*D:") +
anything and e'e™ — D{ D/ (Di"D}") + anything at
/s = 10.52,10.58, and 10.867 GeV are taken into account,
where the D" decays into Dy using a P-wave model, and
the D} decays to KT K~z final states using a Dalitz plot
decay model of Ref. [24]. The mass of X .5 is chosen in the
interval from 4882 to 4922 MeV/c?> (4801 to
4841 MeV/c?) in steps of 5 MeV/c?, with a width varying
from 0.54 to 6.54 MeV (2.58 to 8.58 MeV) in steps of
1 MeV for X5 — DIDS (DiD:%). Inclusive MC
samples of Y(1S,2S) decays, Y(4S)— B*B~/B"B°,
T(58) - Bg*)Bﬁ*), and ete” = qq (q=u, d, s, c) at
/s =10.52, 10.58, and 10.867 GeV corresponding to four
times the integrated luminosity of data are used to study
possible peaking backgrounds.

III. COMMON EVENT SELECTION CRITERIA

For reconstructed charged tracks, the impact parameters
perpendicular to and along the beam direction with respect
to the interaction point are required to be less than 0.2 cm
and 1.5 cm, respectively, and the transverse momentum in
the laboratory frame is required to be larger than
0.1 GeV/c. For the particle identification (PID) of a
well-reconstructed charged track, information from differ-
ent detector subsystems, including specific ionization in the
central drift chamber, time measurement in the time-of-
flight scintillation counters, and the response of the aerogel
threshold Cherenkov counters, is combined to form a
likelihood L£; [25] for particle species i, where i = 7 or
K. Tracks with Rg = Ly /(Lx + L,) < 0.4 are identified
as pions with an efficiency of 96%, while 5% of kaons are
misidentified as pions; tracks with Ry > 0.6 are identified
as kaons with an efficiency of 95%, while 4% of pions are
misidentified as kaons.

An electromagnetic calorimeter cluster is taken as a
photon candidate if it does not match the extrapolation of
any charged tracks. The energy of the photon candidate
from the Di™ decay is required to be greater than 50 MeV.
For DY candidates, vertex and mass-constrained fits are
performed, and then y2..../n.d.f < 20 is required (>97%
selection efficiency according to MC simulation). For D
candidates, a mass-constrained fit is performed to improve
its momentum resolution. The best D* candidate with y?
of D¥* mass-constrained fit for each D] candidate is kept
to suppress the combinational background.

The signal mass windows for K*(892)°, ¢, Dy, and D+
candidates have been optimized by maximizing the Punzi
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FIG. 1.
candidates from data at /s =

The top (bottom) plots show the distribution of M+ vs M 5+ from the selected e™e™ — X5 = D{ DY (D" D) + anything
10.58 GeV, where the D is reconstructed from ¢z or K*(892)°K™*. The central solid boxes define the

signal regions, and the red dash-dotted and blue dashed boxes show the M+ sideband regions described in the text.

parameter S/(3/2 4 v/B) [26], where S is the number of
selected events in the simulated signal process by fitting
the X, invariant-mass spectrum. B is the number of
selected events obtained from the normalized Mp:p+
sidebands in inclusive MC samples. The optimized mass
window requirements are |My:gx- —mgy| < 8 MeV/c?,
|M¢ﬂ+ — mD;| <7 MCV/CZ, |MK*;z+ — ml_(*(892)°| <
50 MeV/c?,  |Mg-goppg+ —mp:| <7 MeV/c*,  and
M, —mp-+| < 14 MeV/c?, M (892)0-
mpy, and mp-+ are the nominal masses of ¢, K*(892)°,
Dy, and D" [27]. There are no multiple candidates
after processing all selections in both Dy D7 and
DitD}t cases. Figure 1 shows the scatter plots of Dy
versus DY invariant masses from the selected ete™ —
X.e55(= DI D (DiTD}1)) + anything  candidates  from
data at /s = 10.58 GeV as an example. Here we define
the two-dimensional D D sidebands, and the normalized
contribution from D] and D/ sidebands is estimated using
25% of the number of events in the blue dashed line boxes
and reduced by 6.25% of the number of events in the red
dotted line boxes.

where  my,

IV. INVARIANT-MASS SPECTRA

The Dy D] and Di*D*™" invariant mass distributions of
selected events from data samples in the kinematically
allowed region are shown in Figs. 2 and 3 together with the
backgrounds estimated from the normalized Dy DY side-
band events. No peaking backgrounds are found in the
normalized sideband events in either D7Dy and D+t D**

invariant mass distributions from data, nor in the D} D}
and D} ' D" mass spectra from inclusive MC samples [28].
Thus in the following we only focus on the mass spectra
from the theoretically predicted regions for X..; [19]
which are shown in Figs. 4 and 5.

Since no clear signals are observed in the invariant-mass
spectra, the 90% confidence level (CL) upper limits on the
numbers of signal events are given. The upper limit is
calculated by the frequentist approach [29] implemented in
the Poissonian limit estimator program [30], where the
mass window is obtained by giving 95% acceptance to the
corresponding simulated signal events, the number of
signal candidate events is counted directly, and the number
of expected background events is estimated from the
normalized mass sidebands. The possible nonresonant
contributions in the DI D} and D}*D*" invariant-mass
spectra are not subtracted and taken as potential signals, in
order to set more conservative upper limits.

The upper limit calculation is repeated with My _
varying from 4882 to 4922 MeV/c*> in steps of
5 MeV/c? and Iy .. varying from 0.54 to 6.54 MeV in
steps of 1.0 MeV for the Mp:p+ distribution, and with
My varying from 4801 to 4841 MeV/c? in steps of
5MeV/c? and T'y__ varying from 2.58 to 8.58 MeV in
steps of 1.0 MeV for the M p:+ -+ distribution.

V. SYSTEMATIC UNCERTAINTIES

There are several sources of systematic uncertainties
on the branching fraction and Born cross section
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FIG. 2. Distributions of Mp-p- from data for processes (a) Y(1S) = X 55(—D; DY) + anything, (b) T(25) —
X,e55(= Dy DY) + anything, and ete™ — X, 45(—=Df D7) + anything at (¢) +/s =10.52GeV, (d) +/s=10.58 GeV,
(e) /s = 10.867 GeV. The cyan shaded histograms are from the normalized M+ sideband events.
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FIG. 3. Distributions of Mp-p- from data for processes (a) Y(1S) — X,55(—D;"Di*) + anything, (b) Y(2S) —
X, e55(— DT D) + anything, and ete — X 55(—DiT D) + anything  at (¢) +/s =10.52 GeV, (d) +/s =10.58 GeV,
(e) /s = 10.867 GeV. The cyan shaded histograms are from the normalized M+ sideband events.

measurements, which can be divided into multiplicative and reconstruction), the statistical uncertainty of the MC effi-
additive systematic uncertainties. The multiplicative sys-  ciency, branching fractions of intermediate states, the total
tematic uncertainties include detection-efficiency-related  numbers of Y(1S) and Y(2S) events, and the integrated
(DER) sources (tracking efficiency, PID, and photon  luminosities at \/s=10.52, 10.58, and 10.867 GeV.
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FIG. 4. Distributions of Mp:p: from data for processes (a) Y(1S) = X 55(=Dy D) + anything, (b) Y(2S) —
X e55(— Dy Df) + anything, and ete™ = X 45(—Df DY) + anything at (¢c) +/s=10.52GeV, (d) +/s=10.58 GeV,
(e) /s = 10.867 GeV. The cyan shaded histograms are from the normalized M+ sideband events.
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FIG. 5. Distributions of Mp.p+ from data for processes (a) Y(1S) = X..55(—=D;"D;") + anything, (b) Y1(2S) —

X,e55(= D D) + anything, and ete™ — X .5(—=Di"Di") + anything at (¢) +/s =10.52 GeV, (d) +/s =10.58 GeV,
(e) /s = 10.867 GeV. The cyan shaded histograms are from the normalized M+ sideband events.

The systematic uncertainties related to detection effi-  kaon and 1.8% per pion, estimated using D** — D%z,
ciency (opgr) include the tracking efficiency (0.35% per D° — K~z" samples), and photon reconstruction (2.0%
track, estimated using partially reconstructed D* decays in per photon, estimated using a radiative Bhabha sample).
D*" - 77D D° - K$ztz~), PID efficiency (2.2% per  The statistical uncertainty in the signal MC simulation
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TABLE II. Summary of the multiplicative systematic uncertainties (%) on the branching fraction measurements for T(1S,2S) —
X, e55(= Dy D (DT Di)) + anything and on the Born cross section measurements for ete™ — X, .55(= D D (Dt D)) + anything
at /s = 10.52, 10.58, and 10.867 GeV.

Mpip+ (Mpep-+) mode DER MC statistic ISR B [Nv(1s)/Nv(s)/£] Sum

Y(1S) = X,p5s + anything 6.1 (7.3) 1.0 — 30 2.0 72 8.2)
T(2S) - X5 + anything 6.1 (7.3) 1.0 — 3.0 23 7.2 (8.3)
ete” = X, .5 + anything at /s = 10.52 GeV 6.1 (7.3) 1.0 0.3 3.0 14 7.0 (8.2)
ete™ > X, .5 + anything at /s = 10.58 GeV 6.1 (7.3) 1.0 0.3 3.0 1.4 7.0 (8.2)
ete™ = X5 + anything at /s = 10.867 GeV 6.1 (7.3) 1.0 0.3 3.0 1.4 7.0 (8.2)

2(e;xB;xop,)*

efficiency can be calculated as Ae = /¢e(1 —€)/N, where using o = Ve ) where ¢, is the efficiency, o, is

¢ is the reconstruction efficiency after all event selections,
and N is the total number of generated events. Its relative
uncertainty oy = A€/€ is at most at the 1.0% level.
Changing the s dependence of the cross sections of ete™ —
X e55(—= DT DY) + anything from 1/s to 1/s*, the prod-
uct of efficiency and radiative correction factor e(1 + &)gg
changes by less than 0.3% (oygR)-

The relative uncertainties of branching fractions
for D" - yD{, Df - ¢(—-K"K )z", and D —
K*(892)° (=K~ n*)K* are 0.75%, 3.52%, and 3.45%
[27], respectively. The total uncertainties are calculated

the relative uncertainty of intermediate states’ branching
fractions, and 3; is the product of branching fractions of the
intermediate states for each reconstructed mode i.

The total numbers of Y(1S) and Y(2S) events are
estimated to be (10242)x10° and (157.8 & 3.6) x 109,
which are determined by counting the numbers of inclusive
hadrons. The uncertainties are mainly due to imperfect
simulations of the charged multiplicity distributions from

inclusive hadronic MC events (o—Nm sm). Belle measures

luminosity with 1.4% precision using wide angle Bhabha
events (o).
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FIG. 6. The 90% CL upper limits on the product branching fractions of T(15,2S) — X, .5 (—=D;j D) + anything and the Born cross
sections of e*e”™ — X .55 + anything at /s = 10.52, 10.58, and 10.867 GeV with My __ varying from 4882 to 4922 MeV/c? in steps
of 5 MeV/c? and [y .. varying from 0.54 to 6.54 MeV in steps of 1.0 MeV.
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All the multiplicative uncertainties are summarized in
Table II for the measurements of Y(1S,2S) > X, .5 +
anything and e"e™ — X, . + anything at /s = 10.52,
10.58, and 10.867 GeV, respectively. The total multiplica-
tive uncertainty is calculated by adding all sources of
multiplicative uncertainty in quadrature,

_ 2 2 2 2 2
Ogyst = \/GDER + Omcsta T Oisr T 05 + ONvy(sas)c”

The additive uncertainty due to the number of expected
background is considered by counting normalized back-
ground distributions directly, fitting the distributions with a
constant, and a first-order polynominal.

VI. STATISTICAL INTERPRETATION
OF UPPER LIMIT SETTING

Since no signal traces are observed in the DD or
DiT D¢t distributions from data at all energy points,
the 90% CL upper limits on the numbers of signal events
(NYP) are determined. To take into account the additive and
multiplicative uncertainties, we first study the additive
systematic uncertainty and take the most conservative case,
then use the total multiplicative systematic uncertainty as an
input parameter to the Poissonian limit estimator program.

Since there are few events observed from data sample
at /s = 10.52 GeV, the continuum contributions are
neglected for the Y (1S5, 2S) decays. The conservative upper
limit on the product branching fractions in T(1S,2S5)
decays BYP(Y(1S,2S) = X..55 + anything) X B(X, 5 —
DiD} (D" Dit)) are obtained by the following formula:

NUP
Nr(1s.2s) X >oiEBi’

where NY is the 90% CL upper limit on the number of
events from the data signal yields including all systematic
uncertainties that are mentioned above from other variables
in this expression, Ny(j525) is the total number of
Y(1S,2S) events, ¢; is the corresponding detection effi-
ciency, and B; is the product of all secondary branching
fractions for each reconstructed channel.

The conservative upper limit on the product values of
Born cross section and branching fraction ¢'F(ete™ —
X5 + anything) x B(X .55 — DI Dy (D Di")) are cal-
culated by the following formula:

NUP x |1 —TI]
Lx 6B x (1+6)sp’
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FIG. 7. The 90% CL upper limits on the product branching fractions of Y(1S,2S) — X . (—=D:i"D:") + anything and the Born

cross sections of e*e™ — X 55 + anything at /s = 10.52, 10.58, and 10.867 GeV with My __ varying from 4801 to 4841 MeV/c? in
steps of 5 MeV/c? and Iy .. varying from 2.58 to 8.58 MeV in steps of 1.0 MeV.

032002-9



X.Y. GAO et al. PHYS. REV. D 105, 032002 (2022)

where NUP is the 90% CL upper limit on the number of ~ factor, £ is the integrated luminosity, ¢; is the correspond-
events in data signal yields including all systematic  ing detection efficiency, [; is the product of all secondary
uncertainties that are mentioned above from other variables ~ branching fractions for each reconstructed channel, and
in this expression, |1 —II|* is the vacuum polarization (1 + &)isx is the radiative correction factor. The values of

TABLE III. Summary of 90% CL upper limits with the systematic uncertainties included on the product branching fractions of
Y(18)/Y(2S) = Xe55(= Dy DY) + anything.

B(Y(1S)/Y(2S) = X.c55 + anything) x B(X.55 = Dy DY) (x107)

Iy . (MeV)
My . (MeV/c?) 0.54 1.54 2.54 3.54 4.54 5.54 6.54
4882 1.7/1.2 1.7/12 1.8/1.2 1.8/1.3 1.8/1.2 1.9/2.5 1.9/2.5
4887 1.7/1.2 1.7/1.2 1.8/1.2 1.8/1.2 1.8/1.2 1.9/1.3 1.8/1.3
4892 1.7/1.2 1.7/1.2 1.8/1.2 1.8/1.2 1.8/1.2 1.9/1.3 1.8/1.3
4897 1.7/1.2 1.7/1.2 1.8/1.2 1.8/1.2 1.8/1.2 1.9/1.3 1.8/2.5
4902 1.7/1.2 1.8/1.1 1.8/2.2 1.8/2.3 1.8/2.2 1.9/2.4 1.9/2.4
4907 1.7/2.2 1.7/2.2 1.8/2.3 1.8/2.3 1.8/2.3 1.9/1.9 1.8/1.9
4912 1.7/2.2 1.7/2.2 1.8/1.8 1.8/1.8 1.8/1.8 1.9/1.9 3.4/1.9
4917 1.7/1.9 1.7/1.8 3.3/1.9 3.4/1.8 3.4/1.8 3.5/1.8 3.4/1.8
4922 3.3/0.9 3.3/0.9 3.4/0.9 35/1.8 35/1.8 3.6/1.9 3.5/1.7

TABLE IV. Summary of 90% CL upper limits with the systematic uncertainties included on the cross sections of ete™ —
X, e55(— Dy D) + anything at /s = 10.52/10.58/10.867 GeV.

o(ete™ = X .5 + anything) x B(X 55 — DI DY) (x10°fb)

Iy, (MeV)
My . (MeV/c?) 0.54 1.54 2.54 3.54 454 5.54 6.54
4882 4.8/25/6.0 5.0/2.6/6.6 5.1/32/67 4.1/32/103 4.1/4.1/109 3.9/48/104 5.7/5.1/10.6
4887 1.9/3.4/4.0 2.0/35/54 42/3.6/55 4.1/38/56  62/43/59  8.0/4.6/6.8  8.0/4.5/7.6
4892 6.4/3.1/40 6.5/34/42  67/34/51  7.0/39/50  6.1/40/51  62/43/61  6.1/5.1/59
4897 59/1.9/2.7 6.1/2.6/38 6.0/33/39  62/3.7/50  6.1/3.7/63  62/42/60  12/48/13
4902 6.0/1.9/40 6.1/1.8/38 6.1/23/51  63/29/50  6.1/29/51  62/37/6.1  6.2/3.8/6.2
4907 2.6/1.8/5.1 49/1.8/53 5.1/1.8/51 52/1.9/50  7.1/23/51  62/28/47  6.1/2.9/15
4912 2.6/1.6/40 2.6/1.6/41 27/1.6/6.6 2.8/1.6/671  29/19/78  54/25/13  5.4/3.0/9.6
4917 2.6/12/52  2.6/1.6/6.6 27/1.6/90 2.8/22/9.1  54/22/90  54/32/86  5.4/3.2/8.9
4922 49/1.1/62 50/12/65 52/1.8/6.6  54/23/19  54/27/83  55/29/90  5.5/3.1/9.2

TABLE V. Summary of 90% CL upper limits with the systematic uncertainties included on the product branching fractions of
T(IS) - XLLSS(_)Df+D§+) + anythlng/T(ZS) - chSS (_’Df+Df+) + anything'

B(T(IS)/T(ZS) - ch&& + anything) X B(chﬁ - D§+D§+) (X10_4)

Iy, (MeV)

My . (MeV/c?) 2.58 3.58 4.58 5.58 6.58 7.58 8.58

4801 7.5/6.0 7.9/7.1 7.9/5.7 7.6/6.1 7.4/6.1 7.6/4.4 7.7/4.8
4806 7.6/6.1 8.1/7.3 8.1/5.8 7.8/6.2 7.5/6.2 7.8/6.1 7.9/4.9
4811 7.8/6.2 8.3/7.4 8.2/5.9 7.9/6.3 7.7/6.3 79/6.2 8.0/6.8
4816 7.6/6.3 8.1/7.5 8.1/6.0 7.8/6.4 7.6/6.4 7.8/6.3 7.9/6.9
4821 7.5/6.3 8.0/7.6 7.9/6.0 7.7/6.5 7.4/6.5 77/6.4 7.8/7.0
4826 7.4/6.3 7.8/7.5 7.8/6.0 7.6/6.4 7.3/6.4 7.6/4.7 7.6/5.1
4831 7.3/6.2 7.7/7.4 7.7/5.9 7.5/4.7 72/4.7 75/6.2 7.5/6.8
4836 7.5/6.2 79/7.5 7.9/5.9 7.6/6.4 74/6.4 7.6/4.6 7.7/5.1
4841 7.6/6.3 8.1/7.6 8.1/4.4 7.8/4.8 7.6/4.8 7.8/4.7 7.9/5.1
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TABLE VI.

Summary of 90% CL upper limits with the systematic uncertainties included on the cross sections of ete™ — X 55(—
DiTDiT) + anything at /s = 10.52/10.58/10.867 GeV.

oleTe™ = Xiuss

cess

+ anything) x B(X .5z — D D) (x10?£b)

Iy .. MeV)
MX[‘L‘E? S
(MeV/c?) 2.58 3.58 4.58 5.58 6.58 7.58 8.58
4801 14.5/8.5/16.2 14.1/8.5/20.7 13.4/10.8/20.4 14.1/10.7/23.7 10.3/10.9/23.8 11.5/11.7/232 11.1/12.7/24.1
4806 14.5/6.1/21.2 14.2/62/183 13.5/8.3/173 14.1/7.7/182 14.0/10.4/18.3 15.5/12.6/17.8 11.1/13.6/23.7
4811 14.5/3.8/21.0 14.2/6.3/20.2 13.5/7.8/19.9 14.1/7.8/20.9 26.2/10.4/23.2 23.7/12.7/22.6 23.0/13.9/23.4
4816 14.1/4.7/16.3 13.8/6.8/20.8 24.6/6.6/263 25.8/9.1/27.6  25.6/9.5/27.8 28.3/12.4/23.3 27.5/13.0/24.2
4821 25.8/6.7/169 252/75/16.2 24.1/7.5/212 25.1/9.0/22.3 24.9/9.2/19.3 27.6/9.5/30.2 26.8/11.0/31.4
4826 26.4/8.6/16.4 25.8/9.3/158 24.6/9.1/15.6 25.7/9.1/18.6 25.5/10.2/18.7 28.3/11.2/23.4 27.5/11.4/24.3
4831 27.1/7.0/21.1 26.5/8.6/203 25.2/11.0/20.1 26.4/11.2/21.0 34.7/11.5/23.4 38.5/12.0/22.8 37.4/12.5/23.6
4836 13.8/6.6/16.2 13.5/7.5/15.6 32.0/9.7/233 33.4/9.4/23.7 33.1/9.6/23.8 36.6/12.2/23.2 35.6/13.8/24.1
4841 247/6.9/21.9 242/6.7/18.1 23.1/7.2/17.9 24.1/8.9/18.8 23.9/9.9/24.3 34.9/12.0/29.6 34.0/13.4/30.8
|1 =TI are 0.931, 0.930, and 0.929 for /s = 10.52, ACKNOWLEDGMENTS

10.58, and 10.867 GeV [31], and the uncertainty is
calculated to be less than 0.1%, which is negligible.
The radiative correction factors (14 &)z are 0.686,
0.694, and 0.738, as calculated using the formula given
in Ref. [32] for /s =10.52, 10.58, and 10.867 GeV,
respectively, where we assume that the dependence of cross
sections on s is 1/s.

The calculated 90% CL upper limits on the product
branching fractions of Y(15,2S) — X .5 + anything and
the product values of Born cross section and branching
fraction of eTe™ — X, .; + anything at /s = 10.52,
10.58, and 10.867 GeV for the mode X, — DfDf
Xeess = DiTDET) are  displayed in  Fig. 6 (7).
Numerical values for the mode X, = D D; can be
found in Tables III and IV, while those for the mode
X, 55 = DitD:t are shown in Tables V and VI.

VII. CONCLUSION

Using the data samples of 102 x 10° Y(1S) events,
158 x 10% Y(2S) events, and data samples at /s = 10.52,
10.58, and 10.867 GeV corresponding to integrated
luminosities 89.5, 711.0, and 121.4 fb~!, respectively,
we search for the double-heavy tetraquark states X..g5
in the processes of Y(1S,25) » DD (D" Dit) +
anything and e'e™ — Di D/ (Di"D}") + anything at
Vs = 10.52,10.58, and 10.867 GeV. No peaking structures
are observed in the M+ and M+ p-+ distributions from
data. The 90% CL upper limits on the product branching
fractions in Y(1S,2S) inclusive decays [B(Y(1S,2S) —
Xeess + anything) X B(X 55 > DDy (D;"D*))]  and
the product values of Born cross section and branching
fraction for ete™ — X..;+anything [o(eTe™ = X, 055 +
anything) x B(X ;s = Dy DI (DiTDi™))] at /s = 10.52,
10.58, and 10.867 GeV as functions of various assumed
X .55 masses and widths are determined.

We thank the KEKB group for the excellent operation of
the accelerator; the KEK cryogenics group for the efficient
operation of the solenoid; and the KEK computer group,
and the Pacific Northwest National Laboratory (PNNL)
Environmental Molecular Sciences Laboratory (EMSL)
computing group for strong computing support; and the
National Institute of Informatics, and Science Information
NETwork 5 (SINETS) for valuable network support. We
acknowledge support from the Ministry of Education,
Culture, Sports, Science, and Technology (MEXT) of
Japan, the Japan Society for the Promotion of Science
(JSPS), and the Tau-Lepton Physics Research Center of
Nagoya University; the Australian Research Council
including Grants No. DP180102629, No. DP170102389,
No.  DP170102204, No. DP150103061, and
No. FT130100303; Austrian Federal Ministry of
Education, Science and Research (FWF) and FWF
Austrian Science Fund No. P 31361-N36; the National
Natural Science Foundation of China under Contracts
No. 11675166, No. 11705209, No. 11975076,
No. 12135005, No. 12175041, and No. 12161141008;
Key Research Program of Frontier Sciences, Chinese
Academy of Sciences (CAS), Grant No. QYZDJ-SSW-
SLHO11; the Shanghai Science and Technology Committee
(STCSM) under Grant No. 19ZR1403000; the Ministry of
Education, Youth and Sports of the Czech Republic under
Contract No. LTT17020; Horizon 2020 ERC Advanced
Grant No. 884719 and ERC Starting Grant No. 947006

“InterLeptons” (European Union); the Carl Zeiss
Foundation, the Deutsche Forschungsgemeinschaft,
the Excellence Cluster Universe, and the

VolkswagenStiftung; the Department of Atomic Energy
(Project Identification No. RTI 4002) and the Department
of Science and Technology of India; the Istituto Nazionale
di Fisica Nucleare of Italy; National Research Foundation
(NRF) of Korea Grants No. 2016R1D1A1B01010135,

032002-11



X.Y. GAO et al.

PHYS. REV. D 105, 032002 (2022)

No. 2016R1D1A1B02012900, No. 2018R1A2B3003643,
No.2018R1A6A1A06024970,No.2019K1A3A7A09033840,
No. 2019R11T1A3A01058933, No. 2021R1A6A1A03043957,
No. 2021R1F1A1060423, and No. 2021R1F1A1064008;
Radiation Science Research Institute, Foreign Large-size
Research Facility Application Supporting project, the
Global Science Experimental Data Hub Center of the
Korea Institute of Science and Technology Information
and KREONET/GLORIAD; the Polish Ministry of
Science and Higher Education and the National Science
Center; the Ministry of Science and Higher Education of

the Russian Federation, Agreement No. 14.W03.31.0026,
and the HSE University Basic Research Program, Moscow;
University of Tabuk research Grants No. S-1440-0321,
No. S-0256-1438, and No. S-0280-1439 (Saudi Arabia);
the Slovenian Research Agency Grants No. J1-9124
and No. P1-0135; Ikerbasque, Basque Foundation for
Science, Spain; the Swiss National Science Foundation;
the Ministry of Education and the Ministry of Science
and Technology of Taiwan; and the United States
Department of Energy and the National Science
Foundation.

[1] M. Gell-Mann, Phys. Lett. 8, 214 (1964).
[2] S. K. Choi et al. (Belle Collaboration), Phys. Rev. Lett. 91,
262001 (2003).
[3] D. Acosta et al. (CDF Collaboration), Phys. Rev. Lett. 93,
072001 (2004).
[4] V.M. Abazov et al. (DO Collaboration), Phys. Rev. Lett. 93,
162002 (2004).
[5] B. Aubert et al. (BABAR Collaboration), Phys. Rev. D 71,
071103 (2005).
[6] E.S. Swanson, Phys. Lett. B 588, 189 (2004).
[7]1 C. Y. Wong, Phys. Rev. C 69, 055202 (2004).
[8] N. Li and S. L. Zhu, Phys. Rev. D 86, 074022 (2012).
[9] L. Maiani, F. Piccinini, A. D. Polosa, and V. Riquer, Phys.
Rev. D 71, 014028 (2005).
[10] K. K. Seth, Phys. Lett. B 612, 1 (2005).
[11] C.Z. Yuan, Int. J. Mod. Phys. A 33, 1830018 (2018).
[12] N. Brambilla, S. Eidelman, C. Hanhart, A. Nefediev, C.P.
Shen, C. E. Thomas, A. Vairo, and C.Z. Yuan, Phys. Rep.
873, 1 (2020).
[13] R. Aaij et al. (LHCb Collaboration), arXiv:2109.01038.
[14] R. Aaij et al. (LHCb Collaboration), arXiv:2109.01056.
[15] S.S. Agaev, K. Azizi, and H. Sundu, Phys. Rev. D 99,
114016 (2019).
[16] C.E. Fontoura, G. Krein, A. Valcarce, and J. Vijande, Phys.
Rev. D 99, 094037 (2019).
[17] G. Yang, J.L. Ping, and J. Segovia, Phys. Rev. D 101,
014001 (2020).
[18] L. Leskovec, S. Meinel, M. Pflaumer, and M. Wagner, Phys.
Rev. D 100, 014503 (2019).
[19] G. Yang, J.L. Ping, and J. Segovia, Phys. Rev. D 102,
054023 (2020).

[20] A. Abashian et al. (Belle Collaboration), Nucl. Instrum.
Methods Phys. Res., Sect. A 479, 117 (2002); also, see
detector section in J. Brodzicka et al., Prog. Theor. Exp.
Phys. 2012, 04D001 (2012).

[21] S. Kurokawa and E. Kikutani, Nucl. Instrum. Methods
Phys. Res., Sect. A 499, 1 (2003), and other papers included
in this volume; T. Abe et al., Prog. Theor. Exp. Phys. 2013,
03A001 (2013), and references therein.

[22] D.J. Lange, Nucl. Instrum. Methods Phys. Res., Sect. A
462, 152 (2001).

[23] R. Brun et al., GEANT 3: User’s guide Geant 3.10, Geant
3.11, CERN Report No. DD/EE/84-1, 1984, https://
inspirehep.net/literature/252007.

[24] R. E. Mitchell et al. (CLEO Collaboration), Phys. Rev. D
79, 072008 (2009).

[25] E. Nakano, Nucl. Instrum. Methods Phys. Res., Sect. A 494,
402 (2002).

[26] G. Punzi, Proceedings of the PHYSTAT 2003 (Stanford,
USA, 2003), p. MODTO002, https://www.slac.stanford.edu/
econf/C030908/papers/SLAC-R-703.pdf.

[27] P. A. Zyla et al. (Particle Data Group), Prog. Theor. Exp.
Phys. 2020, 083C01 (2020).

[28] X.Y. Zhou, S. X. Du, G. Li, and C. P. Shen, Comput. Phys.
Commun. 258, 107540 (2021).

[29] G.J. Feldman and R. D. Cousins, Phys. Rev. D 57, 3873
(1998).

[30] J. Conrad, O. Botner, A. Hallgren, and C. Pérez de los
Heros, Phys. Rev. D 67, 012002 (2003).

[31] S. Actis et al., Eur. Phys. J. C 66, 585 (2010).

[32] E. A. Kuraev and V.S. Fadin, Yad. Fiz. 41, 733 (1985);
[Sov. J. Nucl. Phys. 41, 466 (1985)].

032002-12


https://doi.org/10.1016/S0031-9163(64)92001-3
https://doi.org/10.1103/PhysRevLett.91.262001
https://doi.org/10.1103/PhysRevLett.91.262001
https://doi.org/10.1103/PhysRevLett.93.072001
https://doi.org/10.1103/PhysRevLett.93.072001
https://doi.org/10.1103/PhysRevLett.93.162002
https://doi.org/10.1103/PhysRevLett.93.162002
https://doi.org/10.1103/PhysRevD.71.071103
https://doi.org/10.1103/PhysRevD.71.071103
https://doi.org/10.1016/j.physletb.2004.03.033
https://doi.org/10.1103/PhysRevC.69.055202
https://doi.org/10.1103/PhysRevD.86.074022
https://doi.org/10.1103/PhysRevD.71.014028
https://doi.org/10.1103/PhysRevD.71.014028
https://doi.org/10.1016/j.physletb.2005.02.057
https://doi.org/10.1142/S0217751X18300181
https://doi.org/10.1016/j.physrep.2020.05.001
https://doi.org/10.1016/j.physrep.2020.05.001
https://arXiv.org/abs/2109.01038
https://arXiv.org/abs/2109.01056
https://doi.org/10.1103/PhysRevD.99.114016
https://doi.org/10.1103/PhysRevD.99.114016
https://doi.org/10.1103/PhysRevD.99.094037
https://doi.org/10.1103/PhysRevD.99.094037
https://doi.org/10.1103/PhysRevD.101.014001
https://doi.org/10.1103/PhysRevD.101.014001
https://doi.org/10.1103/PhysRevD.100.014503
https://doi.org/10.1103/PhysRevD.100.014503
https://doi.org/10.1103/PhysRevD.102.054023
https://doi.org/10.1103/PhysRevD.102.054023
https://doi.org/10.1016/S0168-9002(01)02013-7
https://doi.org/10.1016/S0168-9002(01)02013-7
https://doi.org/10.1093/ptep/pts072
https://doi.org/10.1093/ptep/pts072
https://doi.org/10.1016/S0168-9002(02)01771-0
https://doi.org/10.1016/S0168-9002(02)01771-0
https://doi.org/10.1093/ptep/pts102
https://doi.org/10.1093/ptep/pts102
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/https://inspirehep.net/literature/252007
https://doi.org/https://inspirehep.net/literature/252007
https://doi.org/https://inspirehep.net/literature/252007
https://doi.org/10.1103/PhysRevD.79.072008
https://doi.org/10.1103/PhysRevD.79.072008
https://doi.org/10.1016/S0168-9002(02)01510-3
https://doi.org/10.1016/S0168-9002(02)01510-3
https://doi.org/https://www.slac.stanford.edu/econf/C030908/papers/SLAC-R-703.pdf
https://doi.org/https://www.slac.stanford.edu/econf/C030908/papers/SLAC-R-703.pdf
https://doi.org/https://www.slac.stanford.edu/econf/C030908/papers/SLAC-R-703.pdf
https://doi.org/https://www.slac.stanford.edu/econf/C030908/papers/SLAC-R-703.pdf
https://doi.org/https://www.slac.stanford.edu/econf/C030908/papers/SLAC-R-703.pdf
https://doi.org/https://www.slac.stanford.edu/econf/C030908/papers/SLAC-R-703.pdf
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1016/j.cpc.2020.107540
https://doi.org/10.1016/j.cpc.2020.107540
https://doi.org/10.1103/PhysRevD.57.3873
https://doi.org/10.1103/PhysRevD.57.3873
https://doi.org/10.1103/PhysRevD.67.012002
https://doi.org/10.1140/epjc/s10052-010-1251-4

