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Using a sample of 158 X 10° Y(25) events collected with the Belle detector, charmonium and charmo-
niumlike states with even charge parity are searched for in Y(2S) radiative decays. No significant y.;
or 7, signal is observed, and the following upper limits at 90% confidence level (C. L.) are obtained:
B(Y(2S)—= v xe0) <1.0X 1074, B(Y(2S) = vxo1) <3.6 X 1070, B(Y(2S) = yx.2) < 1.5 X 1072, and
B(Y(2S)— yn,)<2.7X107°. No significant signal of any charmoniumlike state is observed, and we ob-
tain the limits B(Y(2S5)— yX(3872)) X B(X(3872) — w7~ J/ ) <0.8 X 107°, B(Y(25) — yX(3872)) X
B(X(3872) =t w00 /) <2.4 X 1076, B(Y(2S)— yX(3915)) X B(X(3915)— wJ /1)) <2.8 X 107,
B(Y(2S)— yY(4140)) X B(Y(4140)— ¢J /1)) <1.2X 1076, and B(Y(2S) — yX(4350)) X B(X(4350)—

dJ/ ) <1.3x 1076 at 90% C. L.

DOI: 10.1103/PhysRevD.84.071107

The data samples of the B factories have provided a
wealth of experimental information on charmonium spec-
troscopy [1]. Below open charm threshold agreement be-
tween experimental mass measurements and predictions
based upon potential models was recently demonstrated
with high accuracy for the 4. [2,3]. However, in the region
above the open charm threshold, in addition to many
conventional charmonium states, a number of charmo-
niumlike states (the so-called “XYZ particles”) have
been discovered with unusual properties. These may in-
clude exotic states, such as quark-gluon hybrids, meson
molecules, and multiquark states [1]. Many of these new
states are established in a single production mechanism or
in a single decay mode only. To better understand them, it
is necessary to search for such states in more production
processes and/or decay modes. States with J¥€ = 17~ can
be studied via initial state radiation (ISR) with the large
Y(4S) data samples at BABAR or Belle, or via ete”
collisions directly at the peak energy at, for example,
BESIII. For charge-parity-even charmonium states, radia-
tive decays of the narrow Y states below the open bottom
threshold can be examined.

The production rates of the P-wave spin-triplet x,;
(J =0, 1, 2) and S-wave spin-singlet 7, states in Y(15)
radiative decays have been calculated by Gao et al.; the

PACS numbers: 14.40.Pq, 13.20.Gd, 14.40.Rt

rates in Y(2S) decays are estimated to be at the same level
[4]. However, there are no such calculations or estimations
for XYZ particles due to the limited knowledge of their
nature.

In this paper, with the world largest data sample taken at
the Y(2S) peak, we report a search for the x.;, 1., X(3872)
[5], X(3915) [6], and Y(4140) [7] in Y(2S) radiative de-
cays, extending our previous work on the Y(15) sample [8]
by using similar event selection criteria. In addition, the
new structure X(4350) [9], which was observed as a 3.2
standard deviation (o) signal in yy — @¢J/ ¢ is also
searched for. As any charmonium state above (2S) is
expected to have a larger branching fraction for the Electric
dipole or Magnetic dipole (E1/M1) transition to #(2S)
than to J/ ¢ [10], we also search for states decaying into
Y (2S).

The data used in this analysis include a 24.7 fb~! data
sample collected at the Y(2S) peak and a 1.7 fb~! data
sample collected at /s = 9.993 GeV (off-resonance data)
with the Belle detector [11] operating at the KEKB
asymmetric-energy e*e” collider [12]. The number of
the Y(2S) events is determined by counting the hadronic
events in the data taken at the Y(2S) peak after subtracting
the scaled continuum background from the off-resonance
data. The selection criteria for hadronic events are
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validated with the off-resonance data by comparing the
gle” e —hadrons) y \ith CLEQ’s re-

alete —ptuT)

sult [13]. The number of Y(2S) events is determined to
be (158 =4) X 10°, with the error dominated by the
Monte Carlo (MC) simulation of the Y(2S) decay dynam-
ics using PYTHIA [14].

Well measured charged tracks and photon candidates are
first selected. For a charged track, the impact parameters
perpendicular to and along the beam direction with respect
to the interaction point (IP) are required to be less than
0.5 cm and 4 cm, respectively, and the transverse momen-
tum should exceed 0.1 GeV/c in the laboratory frame.
Information from different detector subsystems is com-
bined to form a likelihood £ for each particle species

[15]. A track with Rg= T+L +£ >0.6 is identified as a

kaon, while a track with R x < 0.4 is treated as a pion.
With this selection, the kaon (pion) identification effi-
ciency is about 90% (96%), while 5% (6%) of kaons
(pions) are misidentified as pions (kaons). The likelihood
ratios R, and R, are defined similarly for electron [16]
and muon [17] identification, respectively. A good neutral
cluster is reconstructed as a photon if its electromagnetic
calorimeter (ECL) shower does not match the extrapola-
tion of any charged track and its energy is greater than
40 MeV. In the e" e~ center-of-mass (C. M.) frame, the
photon candidate with the maximum energy is taken to be
the Y(2S) radiative decay photon (denoted as yg), and its
energy is required to be greater than 3.5 GeV. A 3.5 GeV
photon energy corresponds to a particle of mass
5.5 GeV/c? produced in Y(2S) radiative decays.

We reconstruct J/ ¢ signals from e"e™ or w* u~ can-
didates. In order to reduce the effect of bremsstrahlung or
final-state radiation, photons detected in the ECL within
0.05 radians of the original e* or e~ direction are included
in the calculation of the ¢ /e~ momentum. For the lepton
pair used to reconstruct J/ i, at least one track should have
R.>0.95 while the other should satisfy R, > 0.05 in
the ete™ mode; or one track should have R u > 0.95
(in the ., analysis, the other track should have R, > 0)
in the u™u~ mode. The lepton pair identification effi-
ciency is about 97% for J/i — eTe” and 87% for
J/ — pt . In order to improve the J/¢ momen-
tum resolution, a mass-constrainted fit is then performed
for J/ signals in the yJ /o, wta=J/ g, w"a~ 700/,
and ¢J/¢ modes. Different modes have similar J/
mass resolutions. The J/¢ signal region is defined as
Mg+~ — mys,l <30 MeV/c? (= 2.50), where my,,, is
the nominal mass of J/. The J/i mass sidebands are
defined as 2.959 GeV/c? < M+~ <3.019 GeV/c? and
3.175 GeV/c?> < My+p- < 3.235 GeV/c? and are twice
as wide as the signal region. For the y/(2S) channel,
the (2S) is reconstructed from the 7 7~ J/y final
state, with a mass constrained to the nominal i (2S5)
mass to improve its momentum resolution. To estimate

measured R value (R =
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the difference in the (2S) mass resolution between MC
simulation and data, the process e*e™ — yr (29) is
selected as a reference sample, and the mass resolution is
3.0 = 0.1 MeV/c? from data and 2.6 MeV/c? from MC
simulation. The difference in the mass resolution is in-
cluded when extracting the signal yields in the analyses
below.

We search for the y,.; in the yJ/i mode. The energy
deposited by the y.; photon (denoted as y;, since its energy
is much lower than that of yg) is required to be greater
than 150 MeV to reduce the large background from mis-
reconstructed photons, and the total number of photons
is required to be exactly two to suppress multiphoton
backgrounds. The angle between the y and 7y, should be
larger than 18° to remove the background from split-off
fake photons. To remove the ISR background e"e™ —
Yisr ¥ (2S) = Yisr Y Xcs» Where a photon is missing, we re-
quire the square of the “mass recoiling against the 7,
and J/¢” (Mi. = (P,+,- — P)%, here P, is the 4-
momentum of the e”e” collision system, and P; is the
sum of the 4-momenta of the observed final-state particles)
to be within —0.5 GeV?/c* and 0.5 GeV?/c*. This M2,
requirement is effective since this background has at least
two missing photons and MZ.(y,J/ ) tends to be large.
Bhabha and dimuon background events with final-state
radiative photons are further suppressed by removing
events in which a photon is detected within a 18° cone
around each charged track direction.

The u* u~ mode shows a clear J/ ¢ signal, while the
e*e” mode has some residual radiative Bhabha back-
ground. Figure 1 shows the y,J/i invariant mass distri-
bution together with the background estimated from the
J /4 mass sidebands (normalized to the width of the J/
signal range) for the combined e*e™ and w* u~ modes
after the above selection criteria are applied. Some ISR
backgrounds with a correctly reconstructed J/ ¢ remain in
the data. No y,; signal is observed.
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FIG. 1 (color online). The y,J/¢ invariant mass distribution.
There is n0 X.9, Xc1» OF X signal observed. The solid curve is
the best fit, the dashed curve is the background, and the shaded
histogram is from the normalized J/¢ mass sidebands. The
signal yield is required to be non-negative in the fit.
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A simultaneous fit to the signal region is performed with
Breit-Wigner (BW) functions convolved with Gaussian
resolution functions for the resonances and a second-order
polynomial background term. The width of the Gaussian
resolution function is fixed at 7.9 MeV/c?, which is ob-
tained by increasing the MC-simulated value by 10% to
account for the difference between data and MC simula-
tion. The masses and widths of the y,.; resonances are fixed
to their Particle Data Group (PDG) averaged values [18]. In
the simultaneous fit, the ratio of the yields in the two J/
decay channels is fixed to B;g;, where B; is the J/ ¢ decay
branching fraction for the e*e™ mode or w* u~ mode
reported by the PDG [18], and ¢; is the MC-determined
efficiency for this mode. The upper limit on the number
(n"P) of signal events at the 90% C. L. is calculated by
solving the equation

n® L(x)dx

- =09,
7 L(x)dx K

where x is the number of signal events, and L(x) is the
likelihood function depending on x from the fit to the data.
The values of n"P are found to be 2.8, 3.1, and 7.6 for the
Xc0s Xe1s and x.o, respectively, when requiring the signal
yields to be non-negative in the fit. We do not observe any
structure at high masses where excited y,.; states are
expected.

To search for a possible excited charmonium state in
the y,(2S) final state, a J/¢ candidate and two oppo-
sitely charged pion candidates are reconstructed. The
¥ (2S) signal region is defined as 3.67 GeV/c? <
M o+ -y <3.70 GeV/c?, and the (2S) mass sidebands
are defined as 3.63 GeV/c? <M+, <3.66 GeV/c?
and 3.71 GeV/c* <M+ .-/ <3.74 GeV/c?. To sup-
press backgrounds with misconstructed photons, we re-
quire the energy of the 7y, to be higher than 75 MeV.
To suppress the ISR background e*e™ — g /(25) —
Yisem ™ J/ i, we require the M2 (y,1(2S)) to be within
—0.5 GeV?/c* and 1.5 GeV?/c* since M2, for the ISR
background tends to be shifted towards negative values.

The y;4/(2S) invariant mass distribution after the above
selection is shown in Fig. 2. There is no significant signal.
However, a few events accumulate around 3.82 GeV/c?
where the yi/(2S) decays of the y.(2P) and 7.,(1D)
[10] are expected. A fit between 3.75 GeV/c? and
3.90 GeV/c? with a Gaussian to parameterize the signal
shape yields a mass of (3.824 = 0.002) GeV/c? and a
signal yield of 5.5 £ 2.7 events corresponding to a statis-
tical significance of 1.80. The signal significance is
determined by comparing the value of —2In(Lg/Ly,y)
from the fit, with values from fits to 10, 000 pseudoexperi-
ments. Here L, and L., are the likelihoods of the
fits without and with the signal, respectively. The upper
limit on the product branching fraction B(Y(2S) — yX) X
B(X — yi(25)) < 1.3 X 1072 at the 90% C. L. is deter-
mined following the procedure described below.
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FIG. 2 (color online). The y;¢/(2S) invariant mass distribution.
The open histogram is from the (2S) signal mass region; the
shaded histogram is from the normalized ¢ (2S) mass sidebands.
In the inset, the solid curve is the best fit between 3.75 GeV/c?
and 3.90 GeV/c? and the dashed curve is a fit with only a
second-order polynomial to describe the background.

To search for the 7, signal in Y(2S) radiative decays, we
reconstruct 7). candidates from the KgK YT+ cc.,
m " KYK ,2(K"K™), 2(w" 7™), and 3(7w" 7~ ) modes.
Well measured charged tracks should be identified as pions
or kaons, and the number of charged tracks is six for the
3(7t7~) final state and four for the other final states. In
the KgK t7#~ + c.c. mode, Kg candidates are recon-
structed from 7" 7~ pairs with an invariant mass M+ -
within 30 MeV/c? of the K9 nominal mass. A K9 candi-
date should have a displaced vertex and flight direction
consistent with a Kg originating from the IP [19]. Events
with leptons misidentified as pions in the 7777~ K"K~ and
2(7r"7r~) modes are removed by requiring R, < 0.9 and
R, <0.9 for the pion candidates. The value of MZ,. for the
hadronic daughters of the 7, candidate is required to be
within —1 GeV?/c* and 1 GeV?/c*.

After the selection described above, Fig. 3 shows the
combined mass distribution of the hadronic final states for
the five 1, decay modes. The large J/ ¢ signal is due to the
ISR process e e~ — ygrJ/ i, while the accumulation of
events within the 7, mass region is small. The shaded
histogram in Fig. 3 is the same distribution for the off-
resonance data and is not normalized.

A simultaneous fit is performed to the five final states.
The ratios of the 1, (J/) yields in all the channels are
fixed to B;e;, where each B; is the n, (J/¢) decay
branching fraction for the ith mode reported by the PDG
[18], and g; is the MC-determined efficiency for this mode.
The fit function contains a BW function convolved with a
Gaussian resolution function (its resolution is fixed to
7.9 MeV/c? from MC simulation) describing the 7, signal
shape, another Gaussian function describing the J/ ¢ sig-
nal shape, and a second-order polynomial describing the
background shape. The mass and width of the BW function
are fixed to the PDG values [18] for the ... The results of
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FIG. 3 (color online). The mass distribution for a sum of the
five n. decay modes. The solid curve is a sum of the corre-
sponding functions obtained from a simultaneous fit to all the 7,
decay modes, and the dashed curve is a sum of the background
functions from the fit. The shaded histogram is a sum of the off-
resonance events (not normalized). The J/ ¢ signal is produced
via ISR rather than from a radiative decay of an Y(nS) reso-
nance.

the fit are shown in Fig. 3, where the solid curve is the sum
of all the fit functions and the dashed curve is the sum of
the background functions. The fit yields 14 = 20 7, signal
events corresponding to an upper limit n"P of 44 at the 90%
C. L. In addition, we obtain 370 * 15 J/¢ signal events
from the fit (in agreement with 338 = 16 expected from
visrJ/ ¢ production according to MC simulation), giving a
mass of 3098.1 = 0.7 MeV/ ¢%, which is consistent with
the PDG value [18].

The selection criteria for Y(2S) — yrX(3872),
X(3872) —» wt @~ J/ are similar to those used for
ISR w7 J/¢ events in Y(4S) data [20]. We require
that one J/¢ candidate be reconstructed, two well-
identified 7’s have an invariant mass greater than
0.35 GeV/c?, and that MZ (w7~ J/) be within the
range between —1 GeV?/c* and 1 GeV?/c*. To suppress
the ISR 7" 77~ J /¢ background, we require that the polar
angle of the yg candidate satisfy | cosf| < 0.9 in the e™ e~
C. M. frame. Except for a few residual ISR produced
i (2S) signal events, only a small number of events appear
in the #* 7~ J /4 invariant mass distribution, as shown in
Fig. 4(a). There is no accumulation of events in the
X(3872) mass region. Fitting using a signal shape from
the MC sample and a first-order polynomial function as the
background shape, the upper limit n"P for the number of
signal events is determined to be 3.6 at the 90% C. L.

We also search for the X(3872) and X(3915) in the
mt 7% /¢ mode. We select w*, 7w, and J/¢ candi-
dates the same as in the X(3872) — w7~ J/¢ mode
(with the requirement on the 77" 77~ invariant mass greater
than 0.35 GeV/c? removed) and a 7° candidate from a
pair of photons with invariant mass within 10 MeV/c? of
the 77° nominal mass. Here the 77 mass resolution is about
4 MeV/c? from MC simulation. Figure 4(b) shows the
ataa’J/  invariant mass distribution, where the open
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FIG. 4 (color online). (a) Distribution of the =" 7 J/i
invariant mass for Y(2S)— yr@wt@ J/¢  candidates.
(b) Distribution of the 77 7%/ invariant mass for
Y(2S) — yrmt 7~ 7%/ candidates. (c) Scatter plots of
m(wt 7w~ 70T/ ) versus m(w" 7 7°), where the region indi-
cated by the ellipse corresponds to the =30 mass regions of
m(z* 7~ 70T/ ¢) and m(7rt 7w~ 7°) from the X(3915) — wJ/
decay. Points with error bars are data; open histograms are the
MC expectation for the X(3872) signal (arbitrary normalization).
The peak at 3.686 GeV/c? in (a) is due to (2S) production
via ISR.

histogram is the MC expectation for the X(3872) signal
plotted with an arbitrary normalization. Using the same
fit method as in X(3872) — 7"~ J/, we determine n"?
for the number of X(3872) signal events to be 4.2 at
the 90% C. L. Figure 4(c) shows the scatter plot of
m(mtm 7°J /) versus m(7* 7~ 7°) from data, where
the region indicated by the ellipse corresponds to the
+30 mass regions of m(7w" 7~ 7°J /) and m(7r* 7~ =)
from the X(3915) — wJ/ decay. There is one event with
m(mtm 7°J /) at 3.923 GeV/c? and m(7t 7 7°) at
0.790 GeV/c?* from Y(2S) data, as shown in the ellipse.
Assuming that the number of background events is zero,

071107-5

RAPID COMMUNICATIONS



X.L. WANG et al.

the upper limit n*P for the number of X(3915) signal events
is 4.4 at the 90% C. L.

We search for the Y(4140) and the X(4350) in the ¢J /i
mode. The selection criteria are very similar to those in
the analysis of X(3872) — w7~ J/{ described above,
and the ¢ is reconstructed from a K™K~ pair. According
to MC simulation, the ¢ signal region is defined as
1.01 GeV/c* < Mg+ x- < 1.03 GeV/c?. The number of
well measured charged tracks is required to be exactly
four. After applying all of the above event selection crite-
ria, there is no clear J/i or ¢ signal. Nor are there
candidate events in the Y(4140) or X(4350) mass regions.
The upper limits on the number of Y(4140) and X(4350)
signal events are both 2.3 at the 90% C. L.

Several sources of systematic uncertainties are consid-
ered. The uncertainty due to particle identification effi-
ciency is 2.4%-3.4% and depends on the final-state
particles. The uncertainty in the tracking efficiency for
tracks with angles and momenta characteristic of signal
events is about 0.35% per track and is additive. The photon
reconstruction contributes an additional 2.0% per photon.
Errors on the branching fractions of the intermediate states
are taken from the PDG [18]; they are 6.9% for the x.
mode, 4.5% for the y.; mode, 4.2% for the y., mode, 1.7%
for the y(2S) mode, 24% for the 1. mode, 1.0% for the
X(3872) mode, 1.3% for the X(3915) mode, and 1.6% for
the ¢J /¢ mode. By using a phase space distribution and
including possible intermediate resonant states, the largest
difference of efficiency is determined to be 2.1% for the 7,
decay modes. The difference in the overall efficiency
for a flat angular distribution of radiative photons and
a 1 = cos?@ distribution is less than 3.0%. Therefore, we
quote an additional error of 5.0% due to the limited knowl-
edge of the decay dynamics for all the states studied,
except for the y. mode and 7, mode, which are known
to follow a 1 + cos?@ distribution. According to MC simu-
lation, the trigger efficiency is 89% for the y., mode,
rather high for other modes (= 99%); we take a 3.0% error
for the y,.; mode and 1.0% error for other modes as a
conservative estimate of the corresponding uncertainties.
With the pure ete™ — yigr¥(2S), ¢(2S) — 7w 7 J/ ¢
or J/¢m(— yy) samples obtained from Belle data, the
uncertainty due to the recoil mass squared requirement is
1.0% for the channels with a single photon and 4.7% for
channels with two photons. By changing the order of the
background polynomial, the range of the fit, and the values
of the masses and widths of the resonances, uncertainties
on the y.; and 7, signal yields are estimated to be 1.1%
and 16%, respectively. In the Y(2S) — yg x.; mode, the
uncertainty associated with the requirement on the number
of photons is 2.0% after applying a correction factor of
0.94 to the MC efficiency, which is determined from a
study of a very pure Y(25) — w* u~ event sample. In
the 1, — K2K+ 7~ + c.c. mode, the uncertainty in the
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TABLE I. Summary of the limits on Y(2S) radiative decays
to charmonium and charmoniumlike states R. Here n"P is the
upper limit on the number of signal events, ¢ is the efficiency
with the secondary decay branching fractions excluded and
trigger efficiency included, oy is the total systematic error,
and B(Y(2S) — yR)" (By) is the upper limit at the 90% C. L.
on the decay branching fraction in the charmonium state case
and on the product branching fraction in the case of a charmo-
niumlike state.

State (R) n g(%)  0y(%) Br

X0 28 142 109 1.0X107*
Xel 3.1 148 108 3.6 X107°
Xe2 7.6 152 107  1.5%X1073
Ne 44 227 30 2.7 %X 1073
X(3872) — wraw J/ ¢ 3.6 273 74  0.8X107°°
X(3872) — wra a’J/y 42 103 96 24x107°
X(3915) — wJ/ ¢ 44 105 96 2.8x%x107°
Y(4140) — ¢J/ 23 223 7.4 12X 107°
X(4350) — ¢pJ/ ¢ 23 21.0 7.4 13X 10°°

K9 selection efficiency is determined by a study on a large
sample of high momentum K9 — 7" 7~ decays; the effi-
ciency difference between data and MC simulation is less
than 4.9% [21]. Finally, the uncertainty on the total number
of Y(2S5) events is 2.3%. Assuming that all of these system-
atic error sources are independent, we add them in quad-
rature to obtain a total systematic error as shown in Table 1.

Since there is no evidence for signals in the modes
studied, we determine upper limits on the branching frac-
tions of Y(2S) radiative decays. Table I lists the upper
limits n"P for the number of signal events, detection effi-
ciencies, systematic errors, and final results for the upper
limits on the branching fractions. In order to calculate
conservative upper limits on these branching fractions,
the efficiencies are lowered by a factor of 1 — o in the
calculation.

To summarize, we find no significant signals for the y,
or 7., as well as for the X(3872), X(3915), Y(4140), or
X(4350) in Y(2S) radiative decays. The results obtained on
the y.; and 7. production rates are consistent with the
theoretical predictions of [4].
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