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The branching fractions of the Y(1S) inclusive decays into final states with a J/y or a w(2S) are

measured with improved precision to be

B(Y(1S) - J/w + anything) = (5.25 4+ 0.13(stat) £

0.25(syst)) x 10™* and B(Y(1S) — w(2S) + anything) = (1.23 4 0.17(stat) & 0.11(syst)) x 10~*. The
first search for Y'(15) decays into XYZ states that decay into a J/y or a y(2S) plus one or two charged
tracks yields no significant signals for XYZ states in any of the examined decay modes, and upper limits on
their production rates in Y'(1S) inclusive decays are determined.

DOI: 10.1103/PhysRevD.93.112013

During the past 12 years, many charmoniumlike states,
the so-called “XYZ” particles, have been reported [1].
Most cannot be described well by quarkonium potential
models [1-3]. Their unusual properties have stimulated
considerable theoretical interest and various interpreta-
tions have been proposed, including tetraquarks, mole-
cules, hybrids, or hadrocharmonia [1,3,4]. To distinguish
among these explanations, more experimental informa-
tion is needed, such as additional production processes
and/or more decay modes for these states. States with
JP€ =17~ can be studied with initial state radiation in

Belle’s and BABAR’s large Y(4S) data samples or via
direct production in e'e™ collisions at BESIII. There is
very little available information on XYZ production in the
decays of narrow Y states apart from the searches for
charge-parity-even charmoniumlike states in Y(1S) [5]
and Y(2S) [6] radiative decays. A common feature of
these XYZ states is that they decay into a charmonium
state such as J/y or y(2S) and light hadrons. Inclusive
decays of Y(1S) into J/w and w(2S) are observed with
large branching fractions of (6.5 & 0.7) x 10~* [7,8] and
(2.7+0.9) x 1074 [7], respectively, in which some of the
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SEARCH FOR XYZ STATES IN Y(1S) ...

XYZ states might have been produced before decaying
into J/y or y(2S).

In this paper, we report a search for some of the XYZ
states in Y'(1S) inclusive decays using the world’s largest
data sample of Y(1S). In these searches, 14 decay modes
are considered: X(3872) [9] and Y(4260) [10] to
atx=J/y; Y(4260) [11], Y(4360) [12] and Y(4660)
[13] to #taw(2S); Y(4260) [14] to K"K J/y;
Y(4140) [15] and X(4350) [16] to ¢J/w; Z.(3900)*
[17,18], Z.(4200)* [19] and Z.(4430)* [19] to z%J/y;
Z.(4050)* [11] and Z.(4430)* [20] to z5w(2S); and a
predicted ZZ, state with mass (3.97 4 0.08) GeV/c? and
width (24.9 4 12.6) MeV [21,22] to K*J /.

The analysis utilizes a 5.74 fb~! data sample collected at
the peak of the Y(1S) resonance, containing 102 x 10°
Y(1S) decays, and a 89.45 fb~! data sample collected off-
resonance at /s = 10.52 GeV that is used to determine
the levels of possible irreducible continuum contributions.
The data were collected with the Belle detector [23,24]
operated at the KEKB asymmetric-energy e™ e~ collider
[25,26]. Large Monte Carlo (MC) event samples of each of
the investigated XYZ modes are generated with EVTGEN
[27] to determine signal line shapes and efficiencies.
Both XYZ meson production in Y(1S) inclusive decays
and their decays into exclusive final states containing a
J/w(w(2S)) and light hadrons are generated uniformly in
phase space. Inclusive J/w (y(2S)) production is generated
in the same models and subsequently decay according to
their known branching fractions [28]; unknown decay
modes are generated using the Lund fragmentation model
in PYTHIA [29].

The Belle detector is a large solid angle magnetic
spectrometer that consists of a silicon vertex detector, a
50-layer central drift chamber (CDC), an array of aerogel
threshold Cherenkov counters (ACC), a barrel-like arrange-
ment of time-of-flight scintillation counters (TOF), and an
electromagnetic calorimeter comprised of CsI(TI) crystals
(ECL) located inside a superconducting solenoid coil that
provides a 1.5 T magnetic field. An iron flux-return yoke
located outside the coil is instrumented to detect K9
mesons and to identify muons. A detailed description of
the Belle detector can be found in Refs. [23,24].

Charged tracks from the primary vertex with dr < 2 cm
and |dz| < 4 cm are selected, where dr and dz are the
impact parameters perpendicular to and along the beam
direction, respectively, with respect to the interaction point.
In addition, the transverse momentum of every charged
track in the laboratory frame is restricted to be larger than
0.1 GeV/c. Backgrounds from QED processes are signifi-
cantly suppressed by the requirement that the charged
multiplicity (N,) in each event satisfies Ny, > 4 [30]. For
charged tracks, information from different detector sub-
systems including specific ionization in the CDC, time
measurements in the TOF and the response of the ACC is
combined to form the likelihood L£; for particle species i,
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where i =z, K or p [31]. Charged tracks with Ry =
Lx/(Lx + L,) > 0.6 are treated as kaons, while those with
R < 0.4 are considered to be pions. With these conditions,
the kaon (pion) identification efficiency is 94% (97%) and
the pion (kaon) misidentification rate is about 4% (9%).
Candidate lepton tracks from J/y (y(2S)) are required to
have a muon likelihood ratio R, = L,,/(L, + Lx + L,) >
0.1 [32] or an electron likelihood ratio R, = L,/(L, +
Loon—e) > 0.01 [33]. Furthermore, we require that a
charged pion not be identified as a muon or an electron
with R, < 0.95 and R, < 0.95.

To reduce the effect of bremsstrahlung and final-state
radiation, photons detected in the ECL within a 50 mrad
cone of the original electron or positron direction are
included in the calculation of the e™ /e~ four-momentum.
The lepton-identification efficiencies for e* and u* are
about 98% and 96%, respectively.

Since a final-state J /y or w(2S) is common to all of the
studies reported here, we first select either a J/y via its
£1¢~ (¢ = e or ) decay mode or a w(2S) decaying into
£¢~ or xtn~J/w. For w(2S) - oz~ J/y, a mass-con-
strained fit is applied to the J/y candidate.

After all the event selection requirements, significant
TIw(= 1), w(28) (= £7¢7), and y(25) (= n* 2T /y)
signals are seen in the Y'(1S) data sample, as shown in
Fig. 1. The shaded histograms in this figure are the
normalized continuum backgrounds that are determined
from the /s = 10.52 GeV continuum data sample and
extrapolated down to the Y(1S) resonance energy. The
scale factor used for this extrapolation is fue =
['Y/ﬁcon X O-Y'/O-con X ‘E‘Y/gcon’ where ‘CY/‘Ccona GY/Gcon’
and ey /e, are the ratios of the integrated luminosities,
cross sections, and efficiencies, respectively, for the Y(15)
and continuum samples. The MC-determined efficiencies
for the Y'(1S) and continuum data samples are found to be
nearly the same for all the decay modes, and the depend-
ence of the cross sections on s is assumed to be proportional
to 1/s% [34-36]. The resulting scale factor is 0.098.

Considering the slight differences in the MC-determined
reconstruction efficiencies for different J/y(w(2S5))
momenta, we partition the data samples according to the
scaled momentum x = py, / (2%/; x (s —mj,)) [7], where the

subscript y represents J/y (y(25)), p;, is the momentum
of the y candidate in the e*e™ center-of-mass system, and
m,, is the y mass [28]. The value of (ﬁg X (s —mp)) is the
value of py, for the case where the y candidate recoils
against a massless particle. The use of x removes the beam-
energy dependence in comparing the continuum data to that
taken at the Y(1S) resonance.

An unbinned extended simultaneous likelihood fit is
applied to the x-dependent J/w(w(2S)) spectra to
extract the signal yields in the Y'(1S) and continuum data
samples. Due to the slight dependence on momentum, the
J/w(w(2S)) signal shape is directly obtained from the MC
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FIG. I. Invariant mass distributions of the J/w(— £¢~) (left column), y(2S)(— #*#7) (middle column), and y/(25)(— 7"z~ J /y)
(right column) candidates in the entire x region (top row) and for x bins of size 0.2 (remaining rows). The points with error bars are for
the Y'(15) data sample; the shaded histograms are the continuum contributions scaled from the /s = 10.52 GeV data sample. The solid
lines are the best fit with the total fitted background components represented by the dashed lines. The J/y and y(2S) signal regions used
for the XYZ searches are indicated by the arrows in the top-row plots.
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Summary of the branching fraction measurements of Y'(15) inclusive decays into the J/y (y(2S)), where Ny is the number

of fitted signal events, (%) is the reconstruction efficiency with all intermediate-state branching fractions included, oy (%) is the total
systematic error on the branching fraction measurement, and B is the measured branching fraction. For the w(2S) channel, ¢ is the sum
of the reconstruction efficiencies in the £*#~ and #tz~J/y decay modes with the branching fractions of the intermediate states

included.
Y(1S) — J/w + anything Y(1S) - w(2S) + anything

X Nfit 6(%) Gsyst(%) 8(10_4) Nfit 6(%) Gsyst(%) 8(10_4)
(0.0,0.2) 379.3 + 28.1 6.06 4.3 0.61 £0.05 £ 0.03 30.1 £10.5 1.81 21.8 0.16 = 0.06 £ 0.04
(0.2,0.4) 1297.6 = 48.6 5.78 5.4 2.20 £0.08 £0.12 71.3 £ 18.3 1.76 26.5 0.40 =0.10 £ 0.11
(0.4,0.6) 904.6 £41.6 5.51 5.6 1.61 £0.07 + 0.09 71.5+154 1.68 18.6 0.42 +0.09 £ 0.08
(0.6,0.8) 354.0 £29.3 5.15 6.8 0.67 = 0.06 +0.05 39.54+12.0 1.65 16.6 0.23 +0.07 £ 0.04
(0.8,1.0) 542 +13.4 3.36 7.6 0.16 = 0.04 £ 0.02 25+57 1.40 78.4 0.02 +0.04 £ 0.02
Sum 2989.6 +75.0 5.62 4.7 5.25+0.13+£0.25 2149 +29.3 1.71 8.9 1.23 £0.17 £ 0.11

simulation in each x bin convolved with a Gaussian
function with a free width in the fit to account for possible
discrepancy between data and MC simulation. In the fit to
the Y(1S) candidates, a Chebyshev polynomial back-
ground shape is used for the Y(1S) decay backgrounds
in addition to the normalized continuum contribution.
Particularly for the Y(1S) to y(2S) inclusive decays, the
w(2S) - ¢1¢~ and w(2S) - nt 2~ J/y decay modes are
treated together to obtain the total y(2S) signal yield; that is
to say, we apply an additional simultaneous fit to the y/(2S)
candidates in the two decay modes with the fixed ratios of
MC-determined efficiencies between them with all of the
branching fractions of the intermediate states included.
The invariant mass distributions for the J/y and y/(2S)
candidates for the entire x region and Ax = 0.2 bins are
shown in Fig. 1 with the results of the fits to the spectra of
the J/y and y(2S) candidates in Y(1S) inclusive decays.
The fitted signal yields (Ny;,) in each x bin are tabulated in
Table I, together with the reconstruction efficiencies (e)
[including all intermediate-state branching fractions], the
total systematic uncertainties (oyy), and the corresponding
branching fractions (B3). The total systematic uncertainties

25
L { —e— Y(18)— J/y + anything
2 } —A— Y(18)- y(2S) + anything
ool ——
o 15
<
S
% L
[ —t—
05—
L A .
" T
0 P T R ST NS NN S SRR A 1
0 0.2 0.4 0.6 0.8 1

scaled momentum x

FIG. 2. Differential branching fractions for Y(1S) inclusive
decays into the J/y and y(2S) versus the scaled momentum x
defined in the text. For each point, the error is the sum of the
statistical and systematic errors.

are the sum of the common systematic errors (described
below) and fit errors estimated in each x bin or the full
range in x. The total numbers of J/y(w(2S)) events, i.e.,
the sums of the signal yields in all of the x bins, the sums of
the x-dependent efficiencies weighted by the signal fraction
in that x bin, and the measured branching fraction values
are also itemized in Table I. Our measurements are
consistent with the PDG averages of previous results from
CLEO-c, but with smaller central values and better pre-
cision. In addition, Fig. 2 shows the differential branching
fractions of Y(1S) inclusive decays into the J/y
and y(25).

We search for signals for certain XYZ states by combin-
ing the J/w (y(2S)) with one or two light charged hadrons
(K*/z%). MC simulations indicate that the mass resolu-
tions of the J/w(w(2S)) candidates have a weak depend-
ence on the production mode, so common signal and
sideband regions are defined. In the ¢J/y mode, the ¢
candidates are reconstructed in the K™K~ final state. For
J/w, w(2S) and ¢ candidates in their decay channels, the
selected signal regions and the corresponding sidebands are
summarized in Table II. All sidebands are defined to be
twice as wide as the corresponding signal region. No
peaking backgrounds or evident structures are found in
these sideband events in any of the invariant mass dis-
tributions discussed below. To improve the mass resolu-
tions of XYZ candidates, vertex and mass-constrained
fits are applied to the J/w(w(2S)) candidates; an

TABLE II. The definitions of the signal regions and the corre-
sponding sidebands for (a) J/yw — £7¢7, (b) w(2S) - £1¢-,
(©) w(2S) » ztn~J/w, and (d) ¢ > KTK~. The sidebands are
selected to be twice as wide as the corresponding signal region.

Channel  Signal region Sidebands (GeV/c?)

(a) [3.067, 3.127] [2.970, 3.030] or [3.170, 3.230]
(b) [3.6485, 3.7235]  [3.535, 3.610] or [3.760, 3.835]
(©) [3.677, 3.695] [3.652, 3.670] or [3.700, 3.718]
(d) [1.012, 1.027] [0.989, 1.004] or [1.036, 1.051]
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unconstrained-mass vertex fit is done for the ¢ candidates
since their natural width is larger than the mass resolution.

An unbinned extended simultaneous maximum like-
lihood fit to the mass distributions of the XYZ candidates
is performed to extract the signal and background yields in
the Y'(1S) and continuum data samples. The signal shapes
of the examined XYZ states used in the fits are obtained
directly from MC simulations that use world average values
for their masses and widths [28]. In the fit to the Y'(1S) data
sample, a Chebyshev polynomial function is used for the
Y(1S) decay backgrounds in addition to the normalized
continuum contribution.

Figure 3 shows the z*z~J/y invariant mass distribu-
tions, relevant for the X(3872) and Y (4260) searches, and
those for ztz~y(2S), relevant for the Y (4260), Y (4360)
and Y(4660). There are no evident signals for any of these
states; the solid lines indicate the best fit results from a
simultaneous fit to the Y(1S) and continuum data samples.
The dashed curves are the total background estimates. The
same representations of the curves and histograms are used
for the K*K~J/y and ¢J/y mass distributions shown in
Figs. 4(a) and 5(a), respectively, and for the charged
I /w(y(2S)) and K*J/w modes in Figs. 6 and 7(a),
respectively.

Because of the large difference between the X (3872) and
Y (4260) widths [28], the fit range for the M (ztz~J/y)
spectrum is separated into low and high mass regions
with different bin widths as shown in Figs. 3(a) and 3(b).
The sharp peak at the y(2S) nominal mass, as seen in
Fig. 3(a), is from Y(1S) -y (2S)+anything— 7"z~ J /w +

140 ——Y(1S) Data (@)
£ — Fitcurve
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% 100F = Continuum
E 80F
Qq £
8 eof
= aof
20}
0 Y NVERY RV AN INVRY IRVERY S AN ARV AT IR A SRVIRY SAVIRN VRN RAT R AR IRVIRY VAN
36 365 37 375 38 385 39 395
M Jhy) (GeV/c?)
60; ——Y(1S) Data ©
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§ ------- Background
© 40F - Continuum
= £
Q 30F
2
£ 20f
< £
W qof
0 T
42 44 46 48 5 52 54 56

My (2S)[—IT]) (GeV/c?)

FIG. 3.
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anything. In contrast, no X(3872) signal is observed.
Using the MC-determined y(2S) signal shape, the fit
yields 139.8 +20.2 y(2S) signal events. With the MC-
determined reconstruction efficiency (0.98%), the resulting
branching fraction of the Y(15) inclusive decay into y(2S)
is (1.39 + 0.20(stat) & 0.13(syst)) x 107*. The measure-
ment is in agreement with that listed in Table I, where
the w(2S) candidates are reconstructed via "¢~ and
atx~J/w. In addition, there is no evidence for Y (4260)
signal in the z7z~J /y mass spectrum shown in Fig. 3(b).
We also search for the Y (4260) state in the 7"z w(2S)
mass spectra shown in Figs. 3(c) and 3(d) for the #T#~ and
Tzt J/w decay modes, respectively, of the y(2S) candi-
dates, as well as the Y(4360) and Y(4660) states. No
enhancements near the nominal masses of these states are
evident.

The Y (4260) has been seen in the K™ K~J /y channel by
CLEO-c [14]. Figure 4(a) shows the K™K~J/y invariant
mass distributions for the candidate Y(1S) inclusive
decays. The fit to the spectrum of M(KTK~J/y) is
performed above 4.10 GeV/c?, which is somewhat above
the KTK~J/y mass threshold of 4.085 GeV/c?. The
invariant mass distributions of the K™ K~y/(2S) candidates
in Y(1S) inclusive decays are shown in Figs. 4(b) and 4(c)
for w(2S) — £7¢~ and "7~ J /y, respectively. The slant-
shaded histograms (the scaled continuum backgrounds)
overlie the cross-shaded ones that represent the normalized
w(2S) mass sideband. No evidence is found for new
structures or any of the known XYZ states. The Y (4140)
and X (4350) states have been reported in the ¢J/y decay

600 ——Y(1S) Data
— Fit curve

Background

T Continuum

(b)

500

400

Entries/20 MeV/c?

4 42 44 46 48 5 52 54 56
M Jhy) (GeV/c?)

[ —+ Y(1S) Data
F — Fitcurve

L Background
40 )
[ = Continuum

30F

(d)

50

20F

Entries/10 MeV/c?

10

i

0 42 44 46 4.8 5 52 54 56
M w(@S) -t hy]) (GeV/c?)

The 7t z~J/y invariant mass distributions for the (a) lower- and (b) higher-mass regions; the (¢) "7~y (2S)(— ¢*¢7) and

(d) 7t 7~ w(2S)(— 7" x~J/w) invariant mass distributions. The points with error bars are the Y (1) events and the shaded histograms
are the scaled continuum contributions determined from the data sample collected at /s = 10.52 GeV. The solid lines are the best fits
with the total background components represented by the dashed lines.
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cross-shaded histograms) for the two y(2S) decay modes. The solid line in panel (a) is the best fit with the fitted total background
component represented as a dashed line.
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backgrounds (the cross-shaded histograms) for the two y(2S) decay modes. The solid line in panel (a) is the best fit for the ¢J /yr mass
spectrum and the dashed line is the total fitted background.
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inclusive decays. The points with error bars are the Y'(15) events and the shaded histograms are the scaled continuum contributions with
the data sample collected at /s = 10.52 GeV. The solid lines are the best fits with the fitted total background components represented

by the dashed lines.

channel by CDF [15] and Belle [16]. Figure 5 shows the
¢J /y and ¢y (2S) invariant mass distributions, where the
few events that survive do not appear to have any
statistically significant clustering near 4140 MeV/c?,
4350 MeV/c? nor any other mass. The results of a fit
to M(¢J/w) in Fig. 5(a) are shown as a solid curve.
Figures 5(b) and 5(c) show the ¢w(2S) invariant mass
distributions; there are only 7 and 4 events that survive in
the #7¢~ and n*z~J/y decay modes, respectively. No
structures are identified.

We search for various charged ZZ states decaying into
75 Jw(w(2S)). Figure 6 shows the ztJ/y, zty(25)
(= ¢t¢7), and 75w (2S)(— ntx~J/yw) invariant mass
distributions for the Y(1S) peak data as well as the fit
ranges and results. For all three channels, the background
events represent the Y(1S5) data well, indicating insignifi-
cant production of any ZF states. We do not observe any
Z£(3900), Z£(4200) or Z£(4430) signals in the 7z4J/y
mode nor any ZF (4050) or Z£(4430) signals in the 75y (25)
mode. We search for the predicted ZZ, (— K*J /y) state—the
strange partner of ZZ(3900) [21,22]—with mass M =
(3.97 £ 0.08) GeV/c? and width I = (24.9 £ 12.6) MeV
in Y(1S) inclusive decays. The invariant mass distribution of

the K*J /y candidates is presented in Fig. 7(a). No evidence
for such a structure is seen near the predicted ZZ, mass. The
signal significance from the fit is less than 2¢. A fit with a
Breit-Wigner that interferes with a smooth background
function yields a signal significance of only 1.26. In the
K*y(2S) mode, no exotic XYZ states have been seen nor
predicted. For completeness, we present the invariant mass
distributions of the K*y(2S) candidates with the y(2S5)
decays into the ¢~ and #" 7z~ J /y final states in Figs. 7(b)
and 7(c), respectively. The sum of the normalized continuum
and sideband backgrounds agrees well with the data.

The fitted signal yields (Ng,) of the XYZ states that are
considered in this analysis are presented in Table III. Since
the statistical significance in each case is less than 3¢, upper
limits on the number of signal events, N, are determined
at the 90% credibility level (C.L.) by solving the equation

f(;v“p L(x)dx/ [/ L(x)dx =0.9 [37], where x is the
number of fitted signal events and £(x) is the likelihood
function in the fit to data. To take into account systematic
uncertainties (discussed below), the above likelihood is
convolved with a Gaussian function whose width equals
the total systematic uncertainty. The calculated upper limits
on the number of signal events (N,,) and the branching
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% 40F ... Background © o5 b 5 y(29) sidebands O 16 [ 15 y(25) sidebands
S 355 Conti > > E
) B ontinuum ) O 14
S 30§ E 20 E 12F
220 S5 Q10 p
£20 3 ﬂ 8 8
E 45 = 10 M =
ch 155 £ 10 f = 6
10 & w 5 w 4
5E E 2 I
0B MMM 0 Bl R i gl lo insees 0 A T T
38 39 4 41 42 43 4.4 42 44 46 48 5 525456 58 6 6.2 42 44 46 48 5 52545658 6 62

M(K=Jhy) (GeV/c?)

FIG. 7.
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The (a) K*J/y, (b) KXy (2S)(— £7¢7), and (c) K*w(2S)(— n*2~J/y) mass distributions for candidate events in the

Y(1S) peak decay sample. The points with error bars are the Y(1S) events and the slant-shaded histograms are the scaled
continuum contributions determined from the data collected at /s = 10.52 GeV. The normalized y(2S) mass-sideband events are
shown as the cross-shaded histograms. The solid line in panel (a) is the best fit with the fitted total background component
represented by the dashed line.
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Summary of the upper limits on the Y(1S) inclusive decays into the exotic charmoniumlike states XYZ, where Ny is the

number of fitted signal events, N, is the upper limit on the number of signal events taking into account systematic errors, ¢ is the
reconstruction efficiency, oy is the total systematic uncertainty, X is the signal significance with systematic errors included, and
B! = B(Y(1S) — XYZ + anything)B(XYZ — J /y((2S)) + hadrons) is the measured product branching fraction at the 90% C.L.

State N, Nup (%) Oyt (%) (o) B

X(3872) = ataJ /|y 484154 31.4 3.26 18.7 0.3 <9.5x%x107°
Y (4260) — zta~J/y —-31.1 £88.9 134.6 3.50 35.6 - <3.8x107°
Y(4260) — ztaw(2S) 6.7 +29.4 56.9 0.71 35.0 0.2 <79%x107°
Y(4360) — ztaw(2S) —-25.4 +30.1 45.6 0.86 50.0 - <52x107°
Y(4660) — zt 77y (2S) —-55.04+26.2 23.1 1.06 40.7 - <22x107°
Y (4260) - K*K~J/y -13.7+10.9 14.5 1.91 45.8 - <7.5%x107°
Y(4140) — ¢J /wr -0.1+1.2 3.6 0.69 11.0 - <52x107°
X(4350) = ¢J )y 23425 7.6 0.92 10.4 1.2 <8.1x107°
Z.(3900)* = ztJ /)y —-26.5 +39.1 57.5 4.39 47.3 - <13x107°
Z.(4200)* = 7t )y —238.6 4+ 154.2 235.1 3.87 48.4 - <6.0x107°
Z.(4430)* = 7tJ /y 942 +71.4 195.8 3.97 34.4 1.2 <49x107°
Z.(4050)* — zHy(2S) 37.0+47.7 112.7 1.27 46.2 0.4 <8.8x107
Z.(4430)* - 7ty (25) 2324424 92.0 1.35 47.1 0.1 <6.7x107°
Z5 - K* )y -222+17.4 22.4 3.88 48.7 - <57x107°

fraction (B) for each state are listed in Table III, together
with the reconstruction efficiencies (¢), the systematic
uncertainties (o), and the signal significances (X); the

latter are calculated using /=2 In(Ly/ L yax ), Where Ly and
L max are the likelihoods of the fits without and with a signal
component, respectively.

Several sources of systematic errors are taken into
account in the branching fraction measurements.
Tracking efficiency uncertainty is estimated to be 0.35%
per track with high momentum and is additive. Based on
the measurements of the identification efficiencies of lepton
pairs from yy — £7¢~ events and pions from a low-
background sample of D* events, MC simulation yields
uncertainties of 1.6% for each lepton, 1.4% for each pion,
and 1.3% for each kaon. The trigger efficiency evaluated
from simulation is greater than 99.9% with an uncertainty
that is negligibly small. The difference in the signal yields
when the mass and width of each XY Z state are varied by
1o is used as an estimate of the systematic error associated
with mass and width uncertainties [28]. In the simulation of
generic J/w(y(2S)) decays, the unknown decay channels
are produced by the Lund fragmentation model in PYTHIA
[29]. By generating different sets of MC samples with
different relative probabilities to produce the various
possible qg (¢ = u, d, s) pairs in the J/y (y(2S)) decays,
the largest difference in the efficiencies is found to be less
than 0.1% and is neglected. The errors on the branching
fractions of the intermediate states are taken from the
Particle Data Group tables [28]; these are 1.1%, 6.3%,
1.2%, and 1.0% for J/y — ¢, w(2S) > ¢,
w(2S) » ntx~J/y, and ¢ — KTK~, respectively; the
weighted average for the two w(2S) decay modes is
3.5%. By varying the background shapes, the order of
the Chebyshev polynomial and the fitting range, the
deviations of the fitted signal yields for J/w(w(2S))

productions are estimated for each x bin. The upper limits
on the signal yields vary by less than 49.4%, depending on
the decay mode. The MC statistical errors are estimated
using the reconstruction efficiencies and the number of
generated events; these are 1.0% or less. The error on the
total number of Y(1S) events is 2.0%. Assuming that all
sources are independent, their uncertainties are summed in
quadrature. The total systematic errors (og) for each
channel are listed in Table IIL

In summary, using the 102 x 10° Y(15) events collected
with the Belle detector, distinct J/y and y/(2S) signals are
observed in the Y'(1S) inclusive decays. The corresponding
branching fractions are measured to be B(Y(1S) — J/w +
anything) = (5.25 4 0.13(stat) 4- 0.25(syst)) x 10~ and
B(Y(1S) - w(2S) + anything) = (1.23 4+ 0.17(stat) £
0.11(syst)) x 10~* with substantially improved precision
compared to previous results of (6.5 +0.7) x 107 [7,8]
and (2.7+0.9) x 107 [7] for J/w and w(2S), respec-
tively. Several theoretical papers have suggested the study
of J/y production in Y(1S) decays as an example of
charmonium production mechanisms in gluon-rich envi-
ronments. Some color-octet [38] and color-singlet [39]
models predict B(Y(1S) — J/y + anything) of 6.2 x 10
and 5.9 x 1074, respectively. Our measured value is of the
same order as the theoretical estimations. We also search
for a variety of XYZ states in Y(15) inclusive decays for
the first time, where the XYZ candidates of interest are
reconstructed from their final states that contain a
J/w(p(2S)) and up to two charged light hadrons
(K*/n%). No evident signal is found for any of them
and 90% C.L. upper limits are set on the product branching
fractions and listed in Table III. There is no striking
evidence for previously unseen structures in K+ K~y (2S)
and K*y(2S) invariant mass distributions.
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