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The cross section for e*e™ — 7nJ/ i between /s = 3.8 GeV and 5.3 GeV is measured via initial state
radiation using 980 fb~! of data on and around the Y(nS)(n = 1, 2, 3, 4, 5) resonances collected with the
Belle detector at KEKB. Two resonant structures at the #(4040) and ¢ (4160) are observed in the nJ/
invariant mass distribution. Fitting the mass spectrum with the coherent sum of two Breit-Wigner
functions, one obtains B(y(4040) — nJ/ ) - Fffj(,m) = (48+09*15) eV and B(y(4160) —
nJ /) - TV — (4.0 08+ 1.4) eV for one solution and B(y(4040) — nJ/y) - TVH10 —
(11.2+13*21) eV and B(y(4160) — nJ/p) - T4 = (138 = 1.3 = 2.1) eV for the other
solution, where the first errors are statistical and the second are systematic. This is the first measurement
of this hadronic transition mode of these two states, and the partial widths to 5J/ i are found to be about

1 MeV. There is no evidence for the Y (4260), Y(4360), (4415), or Y(4660) in the 1J/ ¢ final state, and

upper limits of their production rates in et e~ annihilation are determined.

DOI: 10.1103/PhysRevD.87.051101

Many charmonium and charmoniumlike states have been
discovered at B factories in the past decade. Some of these
states are good candidates for conventional charmonium
states, while others exhibit unusual properties consistent
with expectations for exotic states such as a multiquark
state, molecule, hybrid, or the glueball [1]. In the vector
sector, four exotic charmoniumlike structures, Y (4008) and
Y(4260) in ete” — 7w @~ J/¢ [2,3] and Y(4360) and
Y(4660)ine"e™ — 7"~ (25) [4,5], have been reported
via initial state radiation (ISR), in addition to the three
known excited ¢ states above 4.0 GeV/c*: (4040),
1 (4160), and 1/ (4415). It is unlikely that all seven of these
states are charmonia, as the potential models predict only
five vector states in this mass region [6]. The current under-
standing of these states is based on limited statistics, and the
fact that some may be produced via mechanisms that are
difficult to estimate theoretically, such as final state rescat-
tering [1], makes the determination of which might be
exotic even more challenging. In order to further the under-
standing of the nature of these states, it is important to
investigate them using much larger data samples.

An important study is the investigation of hadronic
transitions (either by an 7 or a pion pair) between these

PACS numbers: 13.25.Gv, 13.66.Bc, 14.40.Pq, 14.40.Rt

states and a lower charmonium state like the J/i.
The CLEO collaboration measured o(ete™ — nJ/¢) =
1573 =8 pb at /s =4120-4200 MeV [7], and the
BESIII collaboration reported o(e*e™ — nJ/¢) =
(32.1 £ 2.8) pb at \/s = 4009 MeV [8], which is in agree-
ment with the theoretical calculation including contribu-
tions from the known ¢ states and the virtual charmed
meson loops [9]. However, the limited statistics of the
CLEO analysis prevented the measurement of the line
shape of J/ . Thus, it is worthwhile to study the process
ete” — nJ /¢ via ISR with the full Belle data sample to
search for 7 transitions from these seven states to J/ . It is
worth noting that the ¢ states are identified in decays to
charmed meson pairs but not in dipion transitions to lower
i states, while the opposite is true of the Y states. There
may also be surprises from transitions of unexpected states.

In this paper, we report an investigation of the e*e™ —
nJ/y process using ISR events observed with the
Belle detector [10] at the KEKB asymmetric-energy
ete” collider [11]. Here, J/¢ is reconstructed in the
€7€~ (€ = e, u) final state and 7 in the yy and 7+ 7~ 7°
final states. Due to the high background level from
Bhabha scattering, the J/ ¢ — ete™ mode is not used in
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conjunction with the decay mode 1 — +y+y. The integrated
luminosity used in this analysis is 980 fb~!. About 70% of
the data were collected at the Y(4.5) resonance, and the rest
were taken at other Y(nS) (n = 1, 2, 3, or 5) states or
center-of-mass energies a few tens of MeV lower than the
Y(4S) or the Y(nS) peaks.

We use the PHOKHARA event generator [12] to simulate
the process e*e”™ — yigrnJ/ . In the generator, one or
two ISR photons may be emitted before forming the reso-
nance X, which then decays to J/, with J/ — eTe™
or utu” and n — 77 70 or yy.

For a candidate event, we require two (four)
good charged tracks with zero net charge for n — yvy
(p— w7 7). A good charged track has impact
parameters with respect to the interaction point of dr <
0.5 cm in the r-¢ plane and |dz| <5 cm in the r-z plane.
The transverse momentum of the leptons is required to be
greater than 0.1 GeV/c. For each charged track, informa-
tion from different detector subsystems is combined to
form a likelihood for each particle species (i), L£; [13].
Tracks with Ry = ﬁ < 0.4 are identified as pions
with an efficiency of about 95%, while 6% of kaons are
misidentified as pions. Similar likelihood ratios are formed
for electron and muon identification [14,15]. For electrons
from J/y — ete”, both tracks are required to have an
electron identification likelihood ratio R, >0.1. The
bremsstrahlung photons detected in the electromagnetic
calorimeter within 0.05 radians of the original e or e~
direction are included in the calculation of the e*e™(y)
invariant mass. For muons from J/¢ — u™ u ™, one of the
tracks is required to have a muon identification likelihood
ratio R, > 0.9 and the other track should have associated
hits in the K;-and-muon detector that agree with the ex-
trapolated trajectory of a charged track provided by the
drift chamber. The lepton identification efficiency is about
90% for J/ ¢y — ete” and 87% for J/ oy — u ™.

The 7 is reconstructed from 777~ 7° and yy final
states. To reconstruct n — 7+ 77~ 7%, the 77° is reconstructed
from two photons. A photon candidate is an electromagnetic
calorimeter cluster with energy E(y) > 25 MeV that does
not match any charged tracks. The 770 mass resolution is
about 5.2 MeV/c? from MC simulation. Considering the
low-mass tail, the invariant mass of the photon pair is
required to be between 110 MeV/c? and 150 MeV/c?
for a 7 candidate. 7" 7 7° combinations are formed
and are subject to a mass-constrained kinematic Afit.
When there is more than one 7° candidate, the combina-
tion with the smallest > from the mass-constrained fit is
selected as the 7 candidate. Events with 7y conversions are
removed by requiring R, < 0.75 for the 777~ tracks
from 7 decays [14]. In the reconstruction of n — yvy
candidates, two photon candidates are required with ener-
gies in the laboratory frame satisfying E(y;) > 0.15 GeV
and E(y,) > 0.4 GeV, where the subscript / (h) signifies
the lower (higher) energy photon.

PHYSICAL REVIEW D 87, 051101(R) (2013)

The scatter plots of dilepton invariant mass M+~ Vs
n-candidate invariant mass M+, -0 Or 7;Y, invariant
mass M, are shown in Fig. 1 for events that survive
these selection criteria. Here the invariant masses are
calculated with the momenta before the mass constraints.
A dilepton pair is considered as a J/i candidate if
Mg+~ is within +45 MeV/c? (the mass resolution
being 15 MeV/c?) of the J/¢ nominal mass. The
J/¢ mass sidebands are defined as M- €
[3.172,3.262] GeV/c? or M+~ €[2.932,3.022]GeV/ 2.
A fit of the M+ - 0 or M., distribution with a Gaussian
plus a second-order polynomial yields a mass resolution
of 43 MeV/c* for the n— 77 7% mode and
11.1 MeV/c? for the n — yy mode. We define the 7
signal region as M_+_-_o € [0.5343,0.5613] GeV/c?
and M., € [0.5,0.6] GeV/c? and the n mass sideband
regions as M_+ -0 € [0.5748,0.6018] GeV/c*> or
M+ -0 €[0.4938,0.5208] GeV/c?, and M,, €
[0.35,0.45] GeV/c? or M., € [0.65,0.75] GeV/c?. The
central (surrounding) rectangles of Fig. 1 show the nJ/
signal (sideband) regions. With S1 (S2) representing the

33—
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FIG. 1 (color online). Invariant mass distributions of (a) €7 ¢~
vs w7~ 7% and (b) €7 €~ vs yy for selected 7+ 7~ 74T L™ or
vy€T€~ candidates with invariant mass between 3.8 GeV/c?
and 5.3 GeV/c?. The box in the center of each plot shows the
nJ /¢ signal region while the surrounding boxes show the
sideband regions.
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sum of the events in the four sideband boxes nearest
(diagonal) to the signal box, the normalization of the side-
bands is § = 0.5 X ST — 0.25 X §2.

The detection of the ISR photon is not required; instead,
we require —1 (GeV/c?)? < MZ%, < 2.0 (GeV/c?)?, where
M?, is the square of the mass recoiling against the 1.J/
system. In calculating M2, the momenta of the J/ ¢ and 7
after the kinematic fit are used to improve the resolution of
M?,. The fit constrains signal candidates to the % and J/
masses, while events having 7 or J/i candidate masses
lying in sideband regions are fitted with masses constrained
to the center of the sideband region.

Figure 2 shows the %J/ invariant mass (M, [16])
for selected candidate events, together with background
estimated from the scaled 7 or J/ ¢ mass sidebands. Two
distinct peaks are evident in Fig. 2, one at 4.0 GeV/ ¢% and
the other at 4.2 GeV/¢?, in addition to the dominant s (2S5)
signal. The cross section of e*e™ — g ¥/(25) in the full
Belle data sample is measured to be 13.9 = 1.4 (stat.) pb in
the » — 777 7° mode and 14.0 = 0.8 (stat.) pb in the
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FIG. 2 (color online). The invariant mass distribution of the
1nJ/ candidates. The top row shows the n — 7 7~ 7 mode
and the bottom row shows the 17 — y7y mode. The open histo-
grams are from the n and J/¢ signal region, while the shaded
ones are from their sideband regions after the proper normaliza-
tion. The insets show the distributions around the #(2S) mass
region.
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n — vy mode, in good agreement with the production
cross section of 14.7 pb calculated by using the world
average values of the mass, width, and partial width to
ete” of (25) [17], and the e e~ center-of-mass energies
correspond to the Belle data samples.

An unbinned maximum likelihood fit is performed to the
mass spectra M, € [3.8,4.8] GeV/c? from the signal
candidate events and 7 and J/ ¢ sideband events simulta-
neously, as shown in Fig. 3. The fit to the signal events
includes two coherent P-wave Breit-Wigner (BW) func-
tions, BW, for #(4040) and BW, for /(4160), assuming
that only two resonances contribute to the nJ/¢ final
states, and an incoherent second-order polynomial back-
ground; the fit to the sideband events includes the same
background function only. The width of each resonance is
assumed to be constant, and an overall two-body phase-
space factor is applied in the partial width to nJ/.
The signal amplitude is M = BW, + ¢'¢ - BW,, where ¢
is the relative phase between the two resonances. In the fit,
the BW functions are convolved with the effective luminos-
ity [18] and M,,,,-dependent efficiency, which increases
from 4% at M,;;, =4.0GeV/c* to 7% at M, =
4.5 GeV/c*. The effect of mass resolution, which is
determined from MC simulation to be 5-11 MeV/c?
over the resonant mass region, is small compared with
the widths of the observed structures, and therefore is
neglected. A fit performed with floating masses and widths
for the two structures yields a mass of (4012 *+ 5) MeV/c?
and width of (54 = 13) MeV for the first, and a mass of
(4157 = 10) MeV/c? and width of (84 = 20) MeV for the
second. Their masses and widths are in agreement with
those of the (4040) and (4160), and thus they are

L L A S B

N
o
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= - gt
4 4.25 45 4.75
M(nJhy) (GeV/c?)

FIG. 3 (color online). The nJ/ invariant mass distribution
and the fit results. The points with error bars show the data while
the shaded histogram is the normalized % and J/ ¢ background
from the sidebands. The curves show the best fit on signal
candidate events and sideband events simultaneously (solid red
line) and the contribution from each Breit-Wigner component
(pink dashed and black dotted for the two solutions discussed in
the text). Note that the interference term (not shown) for each
solution is substantial.
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referred to hereafter as the (4040) and 1 (4160). In the fit
below, the masses and widths of these two resonances are
fixed to their world average values [17] as the statistics are
low here.

Figure 3 and Table I [19] show the fit results. There are
two solutions with equally good fit quality. To determine
the goodness of the fit, we bin the data (events in both
signal and sideband regions) so that the expected number
of events in a bin is at least seven and then calculate a
x*/ndf of 71.4/46, corresponding to a confidence level
(C.L.) of 0.9%, where ndf is the number of degrees of
freedom. The significance of each resonance is estimated
by comparing the likelihood of fits with and without that
resonance included. We obtain a statistical significance of
6.50 for (4040) and 7.60 for ¢(4160). Varying the
masses and widths of resonances by 1o, the fit range by
200 MeV/c?, and the order of the background polynomial
by 1, we obtain a minimum statistical significance of 6.00
for (4040) and 6.50 for (4160).

Taking TV** = (0.86 = 0.07) keV from PDG [17],
one obtains B(i(4040)—nJ/¢)=(0.56=0.10*0.18)%
or  B(4(4040) — nJ/¢) = (1.30 = 0.15 = 0.26)%;
while using the PDG average value Fgﬁ(jfm) =
(0.83 £ 0.07) keV [17], one gets B(1(4160) — nJ /) =
(0.48 = 0.10 = 0.17)% or (1.66 *= 0.16 * 0.29)%. In each
case, the first error is statistical and the second is systematic.
These indicate that the transition rates of these states to
nJ /i are large, being of order 1 MeV.

Possible contributions from other excited charmonium
(like) states are examined. There is a cluster of events near
the M, = 4.36 GeV/c?. Assuming it is the Y(4360),
the significance is 1.10 in a fit with the masses and widths
of the (4040) and ¥ (4160) fixed to their world average
values [17], or 2.9¢ if the masses and widths of (4040)
and ¢/ (4160) are free. Besides the Y(4360), the Y(4260),
(4415) and Y(4660) are in the [3.8,5.3] GeV/c? mass
region. Fits that include each one of them and the masses
and widths of (4040) and (4160) fixed to their world

TABLE I. Results of the fits to the nJ/¢ invariant mass
spectrum. The first errors are statistical and the second are
systematic. M, I, and B - FZQE, are the mass (in MeV/c?), total
width (in MeV), product of the branching fraction of ¢ —
nJ/{ and the y — e e~ partial width (in eV), respectively.
¢ is the relative phase between the two resonances (in degrees).

Parameters Solution I Solution II
M y (4040) 4039 (fixed)

Fl/,(4040) 80 (ﬁxed)

BTV 48+09* 15 1.2+ 13x2.1
Ml//(4160) 4153 (ﬁxed)

F¢(4160) 103 (ﬁxed)

B-TVHO 40+0.8* 14 138+ 1.3+21
b 336 £ 12+ 14 251 x4 +7

PHYSICAL REVIEW D 87, 051101(R) (2013)

average values [17] are performed to determine the upper
limits of B -T',+,-. The systematic errors that will be
described later in the text together with those from the
uncertainties of the (4040) and ¢(4160) resonant
parameters are considered in the upper limit determination.
In order to be conservative, the efficiencies have been
lowered by a factor of 1-a in the calculation. We obtain
the upper limits on B(X — nJ/¢)-T'Y — for X =
Y(4260), Y(4360), (4415) and Y(4660) as 14.2, 6.8, 3.6,
and 0.94 eV at 90% C.L., respectively.

To estimate the errors in B - I',+,-, the uncertainties
from the choice of parametrization of the resonances
(especially introducing the mass dependence for the
widths), the masses and widths of resonances [17], the fit
range, the positions of sidebands (the center values switched
by 1o), the background shape and the possible contribu-
tions from ¢ (2S) or (4415) are considered. The total
errors are 35.0% and 16.8% for solutions I and II, respec-
tively. The particle identification uncertainty is 5.5%; the
uncertainty in the tracking efficiency is 0.35% per track and
is additive; the uncertainty in the photon reconstruction is
2% per photon. The uncertainties in the J/ ¢ mass, 17 mass,
and M2, requirements are measured with the control sample
ete” — (2S) — nJ/ . The efficiencies of the require-
ments on the data are obtained from the fits of the corre-
sponding distributions. The MC efficiency is found to be
higher than in data by (2.3 * 2.6)% for the 7" 7~ 7% mode
and (0.1 = 1.6)% for the yy mode. A correction factor
1.023 is applied to the 77~ 70 final state, and 2.6% is
conservatively taken as the associated systematic error of
the sum for 7+ 7~ 7% and yy modes.

Belle measures luminosity with 1.4% precision while
the uncertainty of the generator PHOKHARA 1is less than 1%
[12]. The trigger efficiency for the events surviving the
selection criteria is around 91% with an uncertainty
smaller than 2%. The uncertainties in the intermediate
decay branching fractions taken from Ref. [17] contribute
a systematic error of less than 1.6%. The statistical error in
the MC determination of the efficiency is 0.2%.

Assuming all the sources are independent and adding
them in quadrature, we obtain total systematic errors in B -
I',+ . of 36% for solution I and 17% for solution II for both
1 (4040) and (4160).

The cross section for ete™ — nJ /¢ for each nJ/ ¢
mass bin is calculated according to
obs t}kg

nl B nl

7i L; XY, e;B;

where j is the jth mode of mnJ/¢ decays (j=
ata mlete, mta amutuT, and yyutuT); nds,
n?kg, &;j» L;, and B; are the number of events observed in
data, number of background events estimated from side-
bands, detection efficiency of the jth mode, effective

luminosity in the ith 1J/¢ mass bin, and the branching
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FIG. 4 (color online). The measured e*e™ — nJ/i cross
section for /s =3.8 GeV to 5.3 GeV. The errors are the
summed statistical errors of the numbers of signal and back-
ground events. A systematic error of 8.0% common to all the
data points is not shown.

fraction of 1J /¢ decays into the jth mode [17], respectively.
The resulting cross sections in the full solid angle are shown
in Fig. 4, where the error bars include the statistical uncer-
tainties in the signal and the background subtraction. The
systematic error for the cross section measurement, which
includes all the sources that have been described other than
those arising from the details of the fit to the mass spectrum,
is 8.0% and common to all the data points. The cross
sections of eTe~ — nJ /¢ are around 70 pb and 50 pb at
the #(4040) and ¢/(4160) peaks, respectively, to be com-
pared with around 20 pb and 10 pb measured in e*e™ —

ata=J/ g [2).

PHYSICAL REVIEW D 87, 051101(R) (2013)

In summary, the e e™ — nJ/i cross section is mea-
sured from 3.8 GeV up to 5.3 GeV for the first time. Two
distinct resonant structures, the (4040) and ¢ (4160), are
observed. This is the first time that the ¢(4040) and
1/ (4160) have been observed to decay to final states not
involving charm meson pairs. The products of the branch-
ing fraction to nJ/ ¢ and the e* e partial width are shown
in Table I. These transition rates correspond to about
1 MeV partial widths to 1J/¢ for these two states. We
find no evidence for the Y(4260), Y(4360), y(4415) or
Y(4660) in the nJ/ ¢ final states, and upper limits of their
production rates in e ¢~ annihilation are determined. The
present measurement reveals clear evidence of the produc-
tion of states compatible with the ¢ (4040) and ¢ (4160)
from the experimental data that are absent in the prediction
in Ref. [9], although the theoretical calculation with care-
fully chosen parameters agrees with the measured cross
sections of e e™ — nJ/ .
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