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Using data samples of 102 x 10 Y(1S5) and 158 x 10° Y(2S) events collected with the Belle detector,
a first experimental search has been made for double-charmonium production in the exclusive decays
Y(1S,28) = J/y(y') + X, where X = 5., y.;(J =0, 1,2),1.(2S), X(3940), and X (4160). No significant
signal is observed in the spectra of the mass recoiling against the reconstructed J/y or v’ except for the
evidence of y.; production with a significance of 4.6¢ for Y(1S) — J/w + y.;. The measured branching
fraction B(Y(1S) — J/y + y1) is [3.90 + 1.21(stat) 4 0.23(syst)] x 107. The 90% C.L. upper limits on
the branching fractions of the other modes having a significance of less than 3¢ are determined. These
results are consistent with theoretical calculations using the nonrelativistic QCD factorization approach.
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For many years, one of the largest discrepancies in
quarkonium physics has been the unexpected disagreement
between the experimental measurements and theoretical
predictions for double-charmonium production at B facto-
ries. The cross sections of the processes ete™ — J/yi,,
J/wne(28), w'ne, w'ne(2S), J/yx o, and y'y o measured
by the Belle [1,2] and BABAR [3] Collaborations exceeded
the leading-order nonrelativistic QCD (NRQCD) calcula-
tions by approximately an order of magnitude [4-9]. Later
the double-charmonium productions of J/wX(3940)
[10,11] and J/wX(4160) [12] were observed in ete”

PACS numbers: 13.25.Gv, 13.25.Hw, 14.40.Pq

annihilation by Belle as well. Numerous theoretical inves-
tigations in the following years had attempted to alleviate
this disquieting discrepancy, and it is now believed that one
can achieve agreement within reasonable uncertainties
when both the QCD radiative and relativistic corrections
of the order of v*> (where v is the quark relative velocity) are
taken into account [13-21].

Inspired by the unexpectedly high double-charmonium
production in eTe~ annihilation, interest has turned to
the double-charmonium states produced in bottomonium
decays. Several theoretical calculations have focused on
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these processes in perturbative QCD, e.g., n, = J/wJ/w
[22-25] and y,01, = J/wJ/w [26-29]. Experimentally,
however, such studies are extremely sparse, apart from the
recent searches for several channels of y;,; into double
charmonia for the first time by the Belle Collaboration [30].
The measurements are consistent with NRQCD predic-
tions, although no significant signals are observed; it is
reasonable to extend the search for double-charmonium
production to the C-odd Y decays. Compared with the
Y (4S) resonance with its rather broad width, the first three
Y resonances are so narrow that the resonant decay
contributions dominate over the continuum ones. This
provides a further opportunity to probe the potential
properties of double-charmonium production at these
Y peaks.

Comprehensive studies of the exclusive decay of Y into a
vector-plus-pseudoscalar charmonium [31], as well as the
S-wave charmonium J/y plus the P-wave charmonium y ..,
(J =0,1,2) [32], have been performed in the NRQCD
factorization approach, where the contributions from the
strong, electromagnetic, and radiative channels were con-
sidered and the strong decay was taken as dominant. The
branching fractions are predicted to be of order 107 for
Y(nS) = J/yw(y') +n.(n.(25)) (n=1,2,3) [31]; for
Y - J/w+n. in particular, the predicted branching
fraction is consistent with the previous calculation of
1.7 x 107 with only the three-gluon contribution consid-
ered [33]. For the J/y + y.0 » decay modes, the branching
fractions are calculated at the lowest order [32]; that of
Y(nS) — J/w + y., is the largest—of order 107°, while
that of J/w + y., is only of order 1077,

In this paper, we report studies of exclusive hadronic
decays of Y(1S) and Y(2S) resonances to the double-
charmonium final states J/y (y’) + X, where X is one of
the 7., yo;(J =0,1,2), 7.(25), X(3940), and X(4160)
states. To improve the signal detection efficiencies, only
the J/y ory’ candidate is fully reconstructed; we search for
the other charmonium state X in the recoil mass distribution of
the fully reconstructed J /y or y’ candidate. The recoil mass
is calculated as Mo (c€) = \/(Ecm — EZz)?> — pi2c?/c?,
where c¢ is the reconstructed charmonium J /y ory/, E¥; and
pie are the center-of-mass (CM) energy and momentum of
J/w(y'), and Ecy; is the CM of the colliding e*e™ system.

This analysis utilizes the Y'(15) and Y'(2S) samples from
Belle with a total luminosity of 5.74 fb~! (102 x 10°
events) and 24.91 fb~! (158 x 10° events), respectively.
A 89.45 fb~! data sample collected at \/s = 10.52 GeV is
used to estimate the possible irreducible continuum
contributions. All data were collected with the Belle
detector [34,35] operating at the KEKB asymmetric-
energy ee~ collider [36,37]. The signal Monte Carlo
(MC) events are generated with EVTGEN [38] using
the helicity-amplitude model [31,32]. The decays of
the two charmonium daughters are generated according
to the known branching fractions [39], while unknown
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decay channels are generated by the Lund fragmentation
model in PYTHIA [40]. Generic decay samples of Y(1S)
and Y(2S) MC events produced using PYTHIA [40] with
four times the luminosity of the data are used to identify
possible peaking backgrounds from Y(1S) and Y(2S)
decays.

The Belle detector is a large solid angle magnetic
spectrometer that consists 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 electromagnetic
calorimeter comprising CsI(T]) crystals located inside a
superconducting solenoid coil that provides a 1.5 T mag-
netic field. An iron flux return 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 Ref. [34].

Primary charged tracks are selected with dr < 2 cm and
|dz| < 4 cm, where dr and dz are the impact parameters
perpendicular to and along the beam direction with respect
to the interaction point. In addition, the transverse momen-
tum of every charged track in the laboratory frame is
restricted to be larger than 0.1 GeV/c. QED backgrounds
are significantly suppressed by the requirement that the
charged multiplicity (N,) in every event satisfies N, > 4
[2]. Lepton candidate tracks from J/y (') are required to

C
@TZ%» > 0.1 [41] or

an electron likelihood ratio R, = ﬁ > 0.01 [42]. To

reduce the effect of bremsstrahlung and final-state radia-
tion, photons detected in the ECL within a 50 mrad cone of
the original electron or positron direction are included in
the calculation of the et /e~ four-momentum. The lepton-
identification efficiencies for e* and ™ are about 98% and
96%, respectively. Because y' is also reconstructed from
J/wrtr~, charged tracks with Ry = ﬁ < 0.4 [43] are
considered to be pions for this purpose, with an efficiency
of about 98% and a kaon misidentification rate of
about 2.6%.

When reconstructing J/w(y’) candidates for all the
modes, a mass-constrained fit is applied to improve the
resolutions of the recoil mass distributions. MC simulations
indicate that the J /y (') has almost the same mass resolution
if the J/y(y’) is reconstructed from the same final states
in Y(1S,2S) - J/w(y') + X processes. The signal region
for J/y is defined as |Myi, —my;,| <0.03 GeV/
¢*(~2.50), where £ = e or y and m;,, is the nominal mass
of the J/y [39]; the J/w mass sidebands are defined as
2.97 GeV/c* < My+p- <3.03 GeV/c? or 3.17 GeV/c?
< My+p- <3.23 GeV/c?. For y' candidates with #+¢~
and J/wntxn~ final states, the y’ signal regions are
defined as |[My+z- —my,| < 0.0375 GeV/c*(~2.506) and
\Mjynt - — my| < 0.009 GeV/c*(~3.00), respectively,
where m,, is the nominal mass of the y' [39]. The y’ mass

have a muon likelihood ratio R, =

74
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sidebands are defined as 3.535 GeV/c? < M,y <
3.610 GeV/c? or 3.760 GeV/c? < My+,- <3.835GeV/c?
and 3.652GeV/c? <M1+, <3.670GeV/c* or 3.700
GeV/c* < M)z < 3.718 GeV/c?. The mass sidebands
of both the J/y and ' are twice as wide as the signal region.
Figure 1 shows the mass distributions of the reconstructed
JIw(= ¢, y/'(— ¢7¢7), and v/ (- J/wyrtzn~) candi-
dates in Y'(1S) and Y(2S) decays. The signal regions of the
J/w and y' candidates are indicated with arrows in the
corresponding graphs. The analysis region of the recoil masses
is 2.2 GeV/c? < Myeoi(J/y (")) < 4.6 GeV/c? and cov-
ers all of the recoil charmonium states of interest.

After all event selections, no peaking background in
any charmonium signal region is found from the Y(1S5) or
Y(2S) generic MC samples. Typical Y decay samples
include three categories: Y decay signal events, Y decay
background events, and continuum events. The back-
grounds with non-J/y(y’) from Y decay are estimated
by normalizing the J/w(y’) mass sideband events to their
signal regions. The large continuum data sample at /s =
10.52 GeV is used to estimate the continuum contributions
in our data samples by extrapolating down to the Y(1S) or
Y (2S) resonance. The scale factor of the extrapolation is
Ly oy ey Ly oy
Leon Gcon Econ” Leon’ Ocon’
are the ratios of the luminosity, cross sections, and
efficiencies, respectively, at the Y and continuum points.
For the nominal results, the efficiencies are obtained from
MC simulations; their ratios in Y and continuum events
are equal for all decay modes of J/y(y’) and the cross
sections of the target channels are scaled to be proportional

to 1/s* (\/s = Ecy) [4,44]. The corresponding scale

a Ea

Econ

where

COmPUted with f scale —
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factors are about 0.16 and 0.44 for Y(1S) and Y(2S),
respectively.

Figure 2 shows the distributions of the recoil masses
against the reconstructed J /y(— £7¢7),y/'(— £1¢7), and
w' (= J/wrtx~) within their signal regions. The upper
(lower) three graphs are for the Y(15) (Y(2S)) decays. The
green-shaded histograms are the scaled J/w(y') mass
sideband backgrounds from Y decays. Contributions from
ete” annihilation with the same final states have been
subtracted from the sideband distributions to avoid double
counting of continuum events. The red-shaded histograms
represent the normalized continuum backgrounds, whose
estimation is described in the previous paragraph. In the
spectrum of the J/y recoil mass in Y(1S) decays in
Fig. 2(a), the sharp peak that appears at 3.51 GeV/c? is
likely to be that of the y ., for which the width is as narrow
as 0.86 MeV/c? [39]. A slight enhancement around
3.94 GeV/c? may also be seen; no other distinct charmo-
nium signal is observed. For the y' — 7~ mode in
Fig. 2(b) and v’ — J/wz"z~ mode in Fig. 2(c), the y’
mass sidebands and continuum backgrounds together
contribute essentially all of the events within the y’ signal
region. The J/y recoil mass distribution in Fig. 2(d) reveals
weak possible signals around the nominal masses of the 7,.,
Yo and 7.(28) in Y(2S) decays. However, after subtracting
the continuum contribution, the surviving events are con-
sistent with the combinatorial background. Similar to the
two ' decay modes in Y(1S) decays, only backgrounds
are found in the y’ recoil mass distributions for the Y'(25)
decays, as shown in Figs. 2(e) and 2(f).

Another background in Y(25) decays is the intermediate
transition Y'(25) — ztz~Y(1S) or z2%2°Y(1S) with Y(15)

N :z'lf ¥ I o m @
s HWMHH TR LT K

5 2°§+++*++++++++*++*+++***+**+f++u *H£++mMM% £ :; ’H H * \H \H H HHHH HHHH £ 12}%*%* W wmﬂ m W
IR | YL b

T IR b T TR

E Eg%mMMWM#Aﬂ +é*+++*++H*++W,¢+*+*+*****+ﬁ E :ﬂ’ NHWHN |H MHHH HHH E 10% ﬁmwm %HﬂH*MMM&Mﬁ

M(IT) (GeV/c?)

FIG. 1 (color online).

M(IT) (GeV/c?)

M(Jyrm) (GeV/c?)

Distributions of the invariant masses of J/y identified with lepton pairs and v’ identified with both #*#~ and

J/wr*n~ with the J /y (') recoil mass within 2.2 GeV/c? and 4.6 GeV/c? from left to right. The upper and lower three graphs are for
Y(1S) and Y(2S) decays, respectively. The arrows show the signal regions of J/y or y’ masses.
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FIG. 2 (color online).

Distributions of the recoil masses against the reconstructed J/w(— £7¢7), w/'(—= £7¢7), w/'(—= J/yrxtzn™)

within the J/y or ' mass signal regions from left to right. The upper and lower three graphs are for Y(1S) and Y(2S) decays,
respectively. The red-shaded histograms are from the normalized continuum sample at /s = 10.52 GeV, and the green ones represent

the scaled J/w(y') mass sideband backgrounds from Y decays.

decaying into double charmonia. Such contamination is
examined with the recoil masses of additionally selected
atn~ or 7°7° pairs to check for Y(1S) signals. After all
event selections, the ratios of such backgrounds are 9.6% =+
1.7% and 15.0% +2.8% for the J/w +X and vy + X
processes, respectively, by fitting the recoil mass spectra of
7°7° and ztz~ pairs. However, the corresponding distri-
bution of the mass recoiling against the J/y (y’) is smooth;
therefore, the contamination is nonpeaking. Here, a 7°
candidate is reconstructed from a pair of good photons [45]
with an invariant mass within 15 MeV/c?> of the #°
nominal mass. We require y> < 20, where y? is from the
mass-constrained fit of 7° — yy.

An unbinned extended simultaneous likelihood fit is
applied to the spectra of the mass recoiling against the J /y
or y/ to extract the signal yields in the Y(1S,2S) and
continuum data samples. For ' 4+ X processes, the decay
modes y’ — £T¢~ andy’ — J/wnatn" are treated together
to obtain the total yield of every y’ recoil c¢ signal. That is
to say, in the fit to the y’ recoil mass spectra, in addition to
the simultaneous fit applied to the Y and continuum data
samples, we also apply a simultaneous fit to these two v’
decay modes. The ratio of any charmoniumlike yields
between the y' — £7¢~ and y' — J/wzTn~ modes is
fixed to the ratio of the MC-determined efficiencies
between these two ' decay modes with all the intermedi-
ate-state branching fractions included.

The signal shapes of all the recoil cc states are deter-
mined from MC simulations with the mass resolutions
of 31, 24,23, 19, and 18 MeV/¢? for the recoiling ., y.,
7.(2S), X(3940), and X(4160), respectively. In the MC

simulations, for all the recoil c¢ states, the world-average
resonance parameters are used with masses fixed at
2.984, 3.097, 3.415, 3.511, 3.556, 3.639, 3.942, and
4.156 GeV/c* for ne, J/W, Xeo» Xet» Xe2s Me(29),
X(3940), and X(4160), respectively [39]. Because of the
production-channel dependence of the transition matrix
element for a description of the 7. line shape [46], a
smearing Gaussian function with free parameters is intro-
duced there to improve the fit accuracy and to account for
possible discrepancies between data and MC. In other
words, the 7. shape is described with the MC-determined
shape convolved with this Gaussian function. The other
cc signals are described directly by the MC-determined
shapes. In the fit to the Y candidates, a Chebychev
polynomial background shape is used for the Y(1S,2S)
decay backgrounds in addition to the normalized con-
tinuum contribution. Since the fit range includes the region
over the DD threshold (~3.73 GeV/c?), a threshold term
proportional to (M ... (c¢) — 2mp)" is added, where n is a
free parameter and mp, is the D meson nominal mass. This
term is added in the background parametrization with a
free normalization to account for the possible contribution
from Y(1S,2S)/e*e™ — J/yw(y')D® DX,

The fit range and results to the spectra of the recoil mass
against J/y and y' are shown in Figs. 3 and 4 from the
Y(1S) and Y(2S) data samples, respectively. The points
with error bars represent the Y(1S,2S) events. The red
solid curves give the nominal fit results while the blue-
dashed curves are the estimated total background. The
cyan-shaded histograms are the fitted normalized con-
tinuum contributions under the J/w(y’) signal region.
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The fitted signal yields (Ny,) of every recoil charmonium
state are listed in Table I.

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 the
lepton pair with yy — £7#~ and the pion using the D*
sample, the MC simulates data with uncertainties within
about 1.8% and 1.3% for each lepton and pion, respec-
tively. As the trigger efficiency evaluated from a trigger
simulation is greater than 99.9%, its uncertainty can be
neglected. The errors on the branching fractions of the
intermediate states are taken from the Particle Data Group
[39], which are about 1.1%, 6.3% and 1.2% for
JJw = Y6, w' - ¢ and v — J/wrtr, respec-
tively; the weighted average for the two v’ decay modes
is about 3.5%. For the charmonium states with generic
decays, the unknown decay channels are generated by the
Lund fragmentation model in PYTHIA [40]. By generating
different sets of MC samples with different relative prob-
abilities to produce the various possible gg (¢ = u,d, s)
pairs, the largest difference in the efficiencies is found to be
less than 0.1% and thus is neglected. The uncertainty due to
the N, > 4 requirement is at the 1.0% level, determined by
changing the known decay branching fractions of recoil
charmonium states to the final states with N, <5 by lo

[39]. By varying the background shapes or the order of the
Chebychev polynomial, as well as the fitted range and the
width of the smearing Gaussian within 16, the deviation
of the upper limits on the number of the signal events is
found to be between 2.0% and 24.1%, depending on the
decay mode. The MC statistical errors are estimated using
the reconstruction efficiencies and the number of gener-
ated events, which are at most 1.8%. The uncertainties
associated with the total number of Y(1S) and Y(2S5)
events are 2.0% and 2.3%, respectively. Assuming that all
the sources are independent and summed in quadrature,
the total systematic errors (o) are evaluated and listed
in Table I.

Since few distinct signals are observed, the
upper limit on the number of signal events (N,) is
determined at the 90% C.L. by solving the equation

f(;v”" L(x)dx/ [y L(x)dx = 0.9, where x is the number
of fitted signal events and £(x) is the likelihood function in
the fit to the data, convolved here with a Gaussian function
whose width equals the total systematic uncertainty. The
value of N, for each mode, which requires the signal
yields to be non-negative in the fit, is listed in Table I along
with the corresponding calculated branching fraction (Bg)
or its upper limit. The theoretical predictions (By,) from
Refs. [31,32] are also tabulated. Due to the sensitivity to
the choices of some parameters such as the charm-quark
mass (m.), NRQCD matrix elements, and QCD coupling
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TABLE L.
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Results of the search for Y(1S) and Y'(2S) decays into double charmonia. For each decay mode, Ny, represents the number

of fitted signal events, Ny, is the upper limit on the number of signal events, ¢ is the reconstruction efficiency, oy is the total systematic
error, X is the signal significance with systematic error included, By is the measured branching fraction where the upper limit is at
90% C.L., and By, is taken from the theoretical predictions [31,32].

Channels N Nyp e(%) Osyst (%) >(o) Br(x107°) By (x1079)
Y(18) = J/y + 1. -49+6.3 8.1 3.71 8.1 - <22 3.93¢
Y(18) = J/w + 10 6.0+5.6 14.4 4.25 5.1 1.3 <34 1.3

Y(1S) = J/y + xa 19.8+6.2 - 4.98 5.9 4.6 3.90 + 1.21 £0.23 4.9
Y(1S) = J/y + xe -32440 6.4 4.71 4.7 - <14 0.20
Y(1S) = J/w +1.(25) -22+6.0 9.3 4.32 52 - <22 2059
Y(1S) = J/w + X(3940) 184 +8.8 30.9 5.67 8.4 2.6 <54 -
Y(18) — J/l// + X (4160) -0.7 £ 15.0 22.7 5.28 19.7 - <54 -
Y(18) = ' + 1, -4.6+4.0 5.8 1.58 135 - <3.6 1724
Y(18) — w + X0 25+42 10.6 1.60 17.7 0.7 <6.5 -
Y(18) — x// + el 0.6 +3.7 7.9 1.68 21.5 0.2 <4.5 -
Y(1S) - x// + e -6.5+24 3.5 1.64 7.1 - <2.1 -
Y(1S) = v’ +1.(25) -5443.6 53 1.68 20.5 - <32 0.8
Y(1S) - 1,/ + X (3940) —-6.7+£4.0 5.6 1.92 11.8 - <2.9 -
Y(1S) — ' + X(4160) -03+£103 17.2 1.86 21.8 - <29 -
Y(28) = J/w + 1. 18.8+11.8 35.7 3.61 16.9 2.2 <54 26137
Y(2S) = J/w + 10 93+94 21.5 4.17 6.4 1.3 <34 1.1
Y(2S) = J/w + xe -40+6.5 8.4 4.95 5.8 - <12 4.1
Y(2S) = J/y + xeo 23+74 13.1 4.57 6.8 0 <2.0 0.17
Y(2S) = J/w +n.(25) —-4.7+10.8 13.7 4.23 10.4 - <25 13724
Y(2S) = J/w + X(3940) -8.8+11.9 14.0 5.65 16.3 - <2.0 -
Y(28) - J/l// + X(4160) —-40.3 £22.2 14.9 5.37 18.6 - <2.0 -
Y(28) = ' + 1. -1.4+84 11.9 1.56 8.6 - <5.1 L1708
Y(28) - x// + X0 1.6 £6.1 11.3 1.63 8.2 0.3 <4.7 -
Y(28) - 1,/ + el -3.7+45 6.2 1.66 6.9 - <25 -
Y(2S) - 1,/ + X2 -13.5+5.2 4.9 1.66 6.9 - <19 -

Y (2S) = y' +15.(25) -5.0+6.6 8.0 1.66 7.7 - <33 0.5709
Y(28) - l,, + X(3940) -20+73 10.7 1.96 7.9 - <39 -
Y(2S) = w' + X(4160) -13.1+14.0 12.4 1.89 10.9 - <3.9 -

constant (a;), the central values of B have large uncer-
tainties. Table I also lists the reconstruction efficiency (¢)
and the signal significance (X) that is obtained by calculat-
ing \/=21In(Ly/Lpay), where Ly and L, are the like-
lihoods of the fits without and with a signal component,
respectively. Here, for the likelihood function the width of
the convolved Gaussian equals the systematic uncertainty
related to signal yield instead of the total systematic
uncertainty.

To summarize, we have performed a first experimental
investigation into double-charmonium production in
Y(1S,2S) decays by using the Belle data samples of 102 x
10°Y'(15) and 158 x 10 Y(2S) events. The evidence for the
mode Y'(1S) - J/y + y.; is found, for which the branching
fraction is measured to be B(Y(1S) = J/y +y.1) =[3.90 £
1.21(stat) 4 0.23(syst)] x 1076 (<5.7 x 1076 at 90% C.L.)
with a signal significance of 4.60. The 90% C.L. upper limits
are set on the branching fractions of the other decays of
Y(1S,2S) into double-charmonium states that have a signal
significance of less than 36. Our results are found to be

consistent with the theoretical calculations made using the
NRQCD factorization approach [31,32].
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