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The process e*e™ — yy.; (J = 1, 2) is studied via initial state radiation using 980 fb~! of data at and
around the Y(nS) (n = 1, 2, 3, 4, 5) resonances collected with the Belle detector at the KEKB asymmetric-
energy ete™ collider. No significant signal is observed except from w(2S) decays. Upper limits on the
cross sections between /s = 3.80 and 5.56 GeV are determined at the 90% credibility level, which range
from a few pb to a few tens of pb. We also set upper limits on the decay rate of the vector charmonium
[w(4040), w(4160), and yw(4415)] and charmoniumlike [Y(4260), Y(4360), and Y (4660)] states to yy.;.
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In e*e™ annihilation, the energy region above the DD
threshold is rich with vector charmonium and charmonium-
like states. Three charmoniumlike states with JX€ = 17
were discovered at B factories via initial state radiation
(ISR) in the last decade: the Y (4260) in eTe™ — nta~J/y
[1,2] and the Y(4360) and Y (4660) in et e™ — 7 a~y(2S)
[3.4]. Together with the conventional charmonium states
w(4040), yw(4160), and y(4415), there are six vector states;
the potential models predict only five in this mass region
[5]. Some of these states show unusual properties that are
inconsistent with charmonium [6]. It is unlikely that all of
these states are charmonia; some, perhaps, have exotic
nature: a multiquark state, molecule, hybrid, or some other
configuration. To improve our understanding of these states
and the underlying QCD, it is important to investigate them
using much larger data samples and new decay channels.

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

For example, one can study radiative transitions between
these states and lower charmonium states like the y.;. The
CLEO Collaboration used data taken during a scan of
center-of-mass (CM) energies +/s = 3.97-4.26 GeV to
report upper limits on the cross sections of ete™ — yy.
and ete” — yy., in three energy regions: the w(4040)
(/s = 3.97-4.06 GeV), the w(4160) (4.12-4.20 GeV),
and /s = 4.26 GeV [7]. The limited statistics prevented
them from measuring the line shape of ete™ — yy,.;. The
BESIII experiment reports the upper limits on the cross
sections of the reactions ete™ — yy,., and ete™ — yy., at
four energy points: +/s =4.009, 4.230, 4.260, and
4.360 GeV [8]. With the full Belle data sample, we are
able to study this process via ISR.

In this paper, we report a study of the ete™ — yy.;
process using ISR events detected with the Belle
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detector [9] at the KEKB asymmetric-energy e*te™ collider
[10]. Here, y,; is reconstructed in the yJ/y final state and
J/y is reconstructed in the ppu~ final state alone (the
background level is very high in the e™ e~ final state due to
Bhabha events). The same final state yyJ/y has been
previously analyzed at Belle and y/(4040) and w(4160)
were observed as 7J /y resonances [11]. We study the full
Belle data set corresponding to an integrated luminosity of
980 fb~!. About 70% of the data was collected at the Y (4.S5)
resonance, and the remainder was taken at the other Y'(nS)
(n=1, 2, 3, or 5) states or at CM energies a few tens of
MeV lower than the Y(4S) or the Y (nS) peaks.

The event generator EVTGEN [12] with the VECTORISR
model is used to simulate the signal process ete™ —
7isRV = 7VisrYXes — YisrYyJ/w. The mass and width of
V can be varied so that we can obtain the signal efficiency
as a function of the vector meson mass. This model
considers the leading-order (LO) quantum electrodynamics
(QED) correction only and thus higher-order corrections
should be estimated and properly taken into account. The
dedicated ISR generator PHOKHARA [13] has the next-to-
leading-order (NLO) QED correction but does not contain
the mode of interest. However, the process eTe™ —
7iskV — 7isrfJ/w can be generated with PHOKHARA and
this allows us to estimate the NLO correction effect in the
mode under study by comparing the results from the two
generators in the analysis of the #//y mode. All generated
events are passed through the GEANTS3 [14] based detector
simulation and then the standard reconstruction.

For a candidate event, we require two good charged
tracks with zero net charge. The impact parameters of these
tracks perpendicular to and along the beam direction with
respect to the interaction point are required to be less than
0.5 and 5.0 cm, respectively. The transverse momentum of
the leptons is required to be greater than 0.1 GeV/c. For
each charged track, information from different detector
subsystems is combined to form a likelihood L; for each
particle species (i) [15]. For muons from J/y — p*u~, one
of the tracks is required to have the muon identification
(uID) likelihood ratio R,, =z > 0.95; in addition, if
one of the muon candidates has no uID information [16],
the polar angle of each muon candidate in the yy., CM
system is required to satisfy | cos 6,| < 0.75. The lepton ID
efficiency is about 87% for J/w — u" .

A photon candidate is an electromagnetic calorimeter
cluster with energy E(y) > 50 MeV that does not match
any charged tracks. The photon is labeled as the ISR photon
when its energy in the eTe™ CM frame exceeds 3 GeV
(corresponding to M([yy.;] <7 GeV/c?, the maximum
non-ISR photon energy being about 3 GeV) and this
photon is excluded when reconstructing yy.; candidates.
We also require at least two additional photons, each with
energy in the laboratory frame greater than 0.25 GeV.
Among these, we select the two with the highest energy in
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the laboratory system and denote these as y, and y;
(with E, > E, ). The detection of the ISR photon is not
required; instead, we require —1 (GeV/c?)? < M2, <
2 (GeV/c?)?, where M2, is the square of the mass
recoiling against the yy.; system. The distribution of
MZ,. is shown in Fig. 1.

Figure 2 shows the u*u~ invariant mass [M(u"u~)]
distribution for events that survive the selection
criteria and the y;y,J/y invariant mass [M(y;y,J/y) =
My ™) — M(u*u™) + myy, ] less than 5.56 GeV/c?,
where m,,, is the nominal mass of the J/y [17]. A u"u~
pair is considered as a J/y candidate if M (u" ™) is within
+45 MeV/c? (the mass resolution being 15 MeV/c?)
of the J/w nominal mass [17]. The J/w mass sidebands
are defined as M(utu~) € [3.172,3.262] GeV/c* or
[2.932,3.022] GeV/c?, which are twice as wide as the
signal region.
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FIG. 1 (color online). Missing mass squared distribution with
My Jwr) < 5.56 GeV/c2.
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FIG. 2 (color online). Invariant mass distribution of u*u~. The
shaded area in the middle is the J/y signal region, and the shaded
regions on either side are the J/y mass sidebands.
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To reject the background from ete™ — yrn(7°)J /yw
events with 5 or 7° decaying into two photons, we require
that the invariant mass of the two photons, M(yy), be
outside the 7 mass region of [0.50,0.58] GeV/c?, the z°
mass region, and the low-invariant-mass region M(yy) <
0.20 GeV/c?. Figure 3 shows the invariant mass distribu-
tion of M (yJ /w) [with two entries per event for M (y,J /y)
and M (y,J /y)] for events with M (y,y,J /w) <5.56GeV />
Here, M(yuJ/w) = M(yimpu p=) = M(u*p=) +myy,.
We observe y.; and y., signals but no evidence of y.q.
We divide the y.; mass region into [3.48,3.535] GeV/c?
for y.; and [3.535,3.58] GeV/c? for y,.

Figure 4 shows the M(y,y,J/w) distribution after apply-
ing all the selection criteria above. We see a clear y(2S5)
signal but no significant signal in the higher mass region.
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FIG. 3 (color online). Invariant mass distribution of yJ/y
for candidate events with M(y;y,J/w) < 5.56 GeV/c?. The
shaded histograms show the y.([3.48,3.535] GeV/c?) and
x2([3.535,3.58] GeV/c?) regions.
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FIG. 4 (color online). Invariant mass distribution of y;y,J /.
The background from the tail of the y/(2S) is plotted only for
M(yiynd /w) > 3.75 GeV/c? and M(y,y,J/w) < 3.65 GeV/c?.
The dots with error bars are data while the shaded histograms
represent different sources of background modes.
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The clear y.; and w(2S) signals allow us to measure
the product branching fractions B[y (2S) — yy.s] x
Bly.; = yJ/w] (J=1,2). By contrast, in the region
M(yyJ/w) € [3.80,5.56] GeV/c?, we set an upper limit
on the production cross section of ete™ — yy.;.

The potential backgrounds are also shown in Fig. 4.
Besides the non-J/y background, which also appear in the
J/w mass sidebands, there are three additional back-
grounds: e"e” — yisrJ /Y, yisra' 7] /y, and yispnd [y
Of course, et e™ — yirp(2S) with w(2S) — yy.; will be a
background in the analysis of the y;y,J/yw high-mass
region. The ISR J/y and y(2S) samples are generated
according to the theoretical calculation of the production
cross sections [18] with the world-average resonant
parameters as input [17]. For the other modes, we use
the cross sections of eTe™ — nJ/y [11] and ete™ —
atn=J/w [19] and assume that o(ete™ — 2°2°J /y) =
to(ete™ - ntn~J/y). All these samples are generated
using the PHOKHARA generator [13] and are normalized to
the integrated luminosity of the full data sample. The
background contribution practically saturates the mass
spectrum above the y(2S) peak.

To measure the w(2S) — yy.; branching fractions,
we define the w(2S) signal region as 3.65 GeV/c? <
M(y;ypJ/y) < 3.72 GeV/c?. The distribution of the
energy of the less energetic photon in the y;y,J/w CM
system is shown in Fig. 5. Clear signals due to y.; and y.,
are observed with very low background and we fit this
photon energy distribution to extract the corresponding
yields. The y.;, signal shapes are obtained from
Monte Carlo simulated signal samples convolved with a
corresponding smearing Gaussian function to compensate
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FIG. 5 (color online). Energy distributions of the low energy
photon in the y,;7,J/yw CM system for events in the w(2S) mass
region. Dots with error bars are data and histograms are MC
samples. The blue solid line is the best fit, the red dashed line is
the shape of the total background determined from the fit, and the
purple dot-dashed line is the MC signal shape convolved with a
Gaussian function. The shaded histogram shows the total back-
ground as determined from J/y sidebands and simulations.
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for the resolution difference between data and Monte Carlo
simulation; the background is parametrized as a first-order
Chebyshev polynomial. The resulting fit function is shown
in Fig. 5 and the fit yields 340 £ 20 y.; and 97 £ 12 y,
signal events.

From the world-average y(2S) resonant parameters [17],
we calculate olete™ — yryp(2S)] = (14.25 + 0.26) pb
[18] and thus expect 13.9 x 10° ISR produced (25)
events in the full Belle data sample of 980 fb~!. With
the efficiencies of 1.4% and 0.7% for the y. and y.,
modes, respectively, from the MC simulation, we obtain
Blw(2S) = vyl x B(yer = vJ/w) =(2.92+£0.19)% and
By (2S) = vy | x By —yJ/w)=(1.65+0.21)%. Here,
the errors are statistical only. These results are consistent
with the PDG values [17].

The M(y;y,J/y) distributions above the y(2S) signal
region for yy.; and yy., candidate events as well as their

|
(n)é{;'s) B (611 €21><Nx"' X B(xer
i €n €xn /) \N*2 x By

In these equations, ¢;; (i,j=1,2) is the efficiency
of produced y.; to be reconstructed in the y.; signal
region; NZ<t and N¥e represent the total numbers of y
and y., events produced in data, respectively; B is the

PHYSICAL REVIEW D 92, 012011 (2015)

sum are shown in Fig. 6, together with the background
estimation from the J/y mass sidebands and the MC
simulated background modes with a genuine J/y. No
significant signal is observed in either the yy.; or yy.
mode. As the background estimation is limited to the
known channels, it only serves as a lower limit of the true
background. In calculating the upper limits of the yy,,
production cross section, we consider the estimated-
background events from the observed signal candidates.
This results in a conservative estimate of the upper limit of
the signal and hence a conservative estimate for the cross
section.

There is cross contamination between the y.; and y.,
signals due to the mass resolution, as can be seen from
Fig. 3, and this is taken into account as follows. The yields
of observed y,; and y., events (denoted as n’;\ and n’?,
respectively) are expressed as

= vl/w) xB(J/l,,_>ﬂ+M—)> N (nﬁklg> N
= yJ/w)xB(J /)y = utu) ”{,ifg .

[
world-average branching fraction for the given process
[17]; and nij, and g}, represent the numbers of non-y.,

background events for y.; and y.,, respectively, which are
the sum of the normalized J/y mass sideband background

—
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FIG. 6 (color online). Invariant mass distributions of yy,.; candidates. Shown from top to bottom are yy.;, y¥.2, and their sum. Dots with
error bars are data, the shaded histograms are the simulated backgrounds and J/y sidebands, and the solid lines are the efficiency curves.
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and the MC simulated y1srJ /W, 7isi /W, 7isr7°70J Jy,
and ysry(2S) background, as shown in Fig. 6. The
efficiency curves €;; and €5, also shown in Fig. 6,
are not monotonic between 3.9 GeV/c? < m(yy.;) <
4.2 GeV/c?. This is due to the fact that the energies
of the two photons are almost the same in this mass
region.

|

vhe €12 €2

Taking into account the background contribution, the
numbers of expected events in the signal regions, denoted
as g4t and e for y.; and y.,, respectively, are

lu)(cl _ y){(l n)g”klg 3
ﬂch o l/)(eZ + n)("z ’ ( )
bkg
1101
and the probability of observing ( "b") events in data is

A2
Mobs

D T

7 T

obs* obs*

p(N)((l’NXCZ) —

The uncertainty in the background estimation is considered
by sampling nf)f("g in Eq. (3). By fitting the normalized
background distribution, the mean value and the uncer-
tainty of the background level are obtained. The back-
ground yield n{gf("g is varied assuming it follows a Gaussian
distribution with this mean value and the uncertainty as the
standard deviation. The systematic error of the measure-
ment, which corresponds to an uncertainty in the expected
number of events, follows a Gaussian distribution with a
mean value 1/~ and a standard deviation 1/ X 6, where
O4ys 18 the total relative systematic error (13.4%), described
below. This is also considered by varying p##< in Eq. (4).
The summation of random-sampled p(N#<', N*), con-
sidering the uncertainty in background estimation and the
systematic errors, forms the final likelihood function

1
L(Nxat Nt2) = v Z p(N¥e | NZe)
k,,m,n

1 () e (g, Yl o

¢l Ac2 |
N n)gbs : Mobs -

k,lm,n

(5)

1 1 [ — cl cl
Here, N is the number of samplings. /4 = v + nfj,
and pb2 = Uk + Mijeg s Where 7 e 1> Vi, and nﬁzgﬂ

are the numbers of events obtained from the corresponding
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We use the maximum likelihood method to determine
upper limits on the numbers of produced yy,.; events, N4
and N4, and thus on the upper limits of the production
cross sections of eTe~™ — yy.;. The likelihood is con-
structed as follows. For each possible pair of the N*<! and
N7#< values, the numbers of the expected signal events, 14!
and /2, are

(5) = (o 2GS S m e~ ) ®

Gaussian distributions. The subscript k represents the kth
sampling for the expected number of y.; signal events /<.
The other subscripts /, m, and n have parallel meanings. By
letting N#<' and N#< run over all the possible values from 0
to infinity independently, we obtain the likelihood in the
(N¥e1 | N%2) plane. The likelihood L(N*<!) can be obtained
from this two-dimensional likelihood function by integrat-
ing over the variable N%. From this, we obtain the upper
limit on N#<! at the 90% credibility level (C.L.)1 and convert
this into the upper limit on c(e*e™ — yy.;). The upper
limiton 6(e™e™ — yy.,) is determined in a similar manner.
The final upper limits are shown in Fig. 7 and are around a
few pb to a few tens of pb. We also show the CLEO and
BESII results in Fig. 7 for comparison. The measured
upper limits are more stringent than the CLEO results at
/s =3.97-4.06 GeV and /s = 4.26 GeV. The large data
samples collected by BESIII at /s = 4.009, 4.230, 4.260,
and 4.360 GeV provide stronger upper limits at these
energy points. The values of the upper limits measured here
are listed in Table I.

We extract the transition rate of the vector charmonium
and charmoniumlike states to yy,; by fitting the distribu-
tions in Fig. 6. We use a Breit-Wigner function for the
signal and a first- or second-order polynomial function for
the background. While doing the fit, the mass and total
width are fixed to the world-average values [17] and I',, X
B(R = yy.;) is scanned from zero to a large number at
which the probability is less than 1.0% of the largest value.
Normalized probability density functions are derived from
such a scan. These probability density functions then give
the upper limits at 90% C.L. as listed in Table II. Taking
I, [w(4040)] and T, [p(4415)] from the world-average
values [17] and T, [y/(4160)] from the BES II measurement
[20], we set the upper limits on the branching fractions for
these three conventional charmonium states as listed in
Table III. Taking I, [V (4260)] x B[Y (4260) >zt z~J /y| =
(6.4+£0.84+0.6)eV or (20.5+1.4+2.0) eV [19] [there

'In common high energy physics usage, this Bayesian interval
has been reported as “confidence interval” which is a frequentist-
statistics term.
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can be generated with both EVTGEN and PHOKHARA, a
generator with higher-order ISR corrections. We assume
that the correction factor obtained in this mode is the same
as in the mode under study, and 9.0% is taken as the
systematic error, corresponding to the uncertainty in the
difference between the measured B(y(2S) — yy.; —
yyJ/w) and the world average [17]. Taking the statistical
error of the MC samples and the possible uncertainty in
simulating the angular distributions of the full decay chain
Yxe; — vyJ/w into account, we quote a total uncertainty
due to the generator as 12%. Belle measures luminosity
with 1.4% precision and the trigger efficiency is about 91%
with an uncertainty of 2%. Errors on the branching
fractions of the intermediate states are taken from
Ref. [17] with a systematic error of 4.5%. Assuming that
these systematic error sources are independent, the total
systematic error is 13.4%. The systematic uncertainty is

[
=

o
’o
¢
+
'

considered in the upper limits shown in Tables -IV.

AL L I N |...|.'T' i
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FIG. 7 (color online). Measured upper limits on the ete™ —
7x ¢y cross sections at the 90% C.L. for y.; (top) and y ., (bottom).
The solid dots show the Belle measurements, the solid triangles
are the results from CLEO, and the blue squares are from BESIII.

are two solutions for the best fit in this mode, and there
are also two solutions in the Y (4360) and Y (4660) cases
below], [Y(4360)] x B[Y(4360) —» nt 7~y (2S)] =
(104+17+14)eV or (11.8+1.8+14)eV [3],
and T,,[Y(4660)] x B[Y(4660) - zt 7~y (2S)] = (3.0 £
0.9 £0.3)eVor (7.6 + 1.8 £ 0.8) eV [3], we set the upper
limits on the ratios of the branching fractions as shown in
Table IV. The mass and width of the vector charmonium
and charmoniumlike states, the background shape, and the
fit range are varied in the fit to estimate the systematic
uncertainties. The largest upper limit from these tests is
taken as the final result. The total uncertainties from the
reference processes and the systematic errors are consid-
ered by assuming they are Gaussian errors.

The following sources of systematic uncertainties are
considered in the o(e*e™ — yy.;) upper-limit determina-
tion. The uncertainty in the tracking efficiency for tracks
with angles and momenta characteristic of signal events is
about 0.35% per track [11] and is additive. The uncertainty
due to particle identification efficiency is 1.9%. The
uncertainties of J/y mass and y.;, mass requirements are
estimated using the w(2S) sample in the same analysis and

TABLE 1.

Upper limits on the e™e™ — yy.; cross sections.

Vs (GeV) xe1 (pb) xc (pb)

V5 (GeV) 21 (Pb) xe2 (pb)

are found to be 1% and 1.3%, respectively. The generator
EVTGEN is used in generating signal MC events. In this
generator, however, only one ISR photon is allowed and the
higher-order ISR effect should be estimated and corrected.
This effect is studied by using a control sample eTe™ —
yisry (28) with w(2S) decaying into nJ/y. This process

3.80-3.84 80 134 4.68-4.72 8 14
3.84-3.88 37 90  4.72-4.76 8 18
3.88-3.92 35 110 4.76-4.80 11 15
3.92-3.96 27 40  4.80-4.84 9 18
3.96-4.00 12 21 4.84-4.88 15 11
4.00-4.04 34 53 4.88-4.92 11 14
4.04-4.08 29 45 4.92-4.96 10 10
4.08-4.12 46 54 4.96-5.00 4 21
4.12-4.16 27 53 5.00-5.04 8 13
4.16-4.20 10 63 5.04-5.08 13 13
4.20-4.24 36 35 5.08-5.12 11 7
4.24-4.28 14 17 5.12-5.16 9 7
4.28-4.32 19 38 5.16-5.20 5 17
4.32-4.36 16 20 5.20-5.24 14 9
4.36-4.40 8 22 5.24-5.28 7 6
4.40-4.44 14 34 5.28-5.32 6 8
4.44-4 .48 11 22 5.32-5.36 4 16
4.48-4.52 11 21 5.36-5.40 6 14
4.52-4.56 7 12 5.40-5.44 4 10
4.56-4.60 16 13 5.44-5.48 8 8
4.60-4.64 6 26 5.48-5.52 8 8
4.64-4.68 12 20 5.52-5.56 4 14
TABLE II. Upper limits on I',, x B at the 90% C.L.
Xel (CV) X2 (eV)

I, [y (4040)] x B[y (4040) — vy ] 2.9 4.6
T, [w(4160)] x Bly(4160) — yyx.s] 2.2 6.1
T, [w(4415)] x Bly(4415) - vy 0.47 2.3
I, [Y(4260)] x B[Y(4260) — yyx.;] 1.4 4.0
I, [Y(4360)] x B[Y(4360) — yx./] 0.57 1.9
I,.[Y(4660)] x B[Y(4660) = yy./] 0.45 2.1
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TABLE III.  Upper limits on branching fractions B(R — yy.;)
at the 90% C.L.

Resonance X (1079) X (1079)
v (4040) 34 5.5
w(4160) 6.1 16.2
yw(4415) 0.83 3.9

TABLE IV. Upper limits on branching fraction ratios at the
90% C.L. The two upper limits correspond to the two solutions in
the reference processes.

Resonance YXecl YXc2

B[Y (4260)—>yx.] 0.3 or 0.07 0.7 or 0.2
B[Y (4260)—r"nJ /]

BY(4360)>7x./] 0.06 or 0.05 0.2 or 0.2
B[Y(4360)—x " 7=y (25)]

B[Y(4660)>7x.1] 0.2 or 0.07 0.9 or 0.3

B[Y(4660)—>x" 7y (25)]

In summary, using the full Belle data sample, we
measure the e™e™ — yy.; process via initial state radiation.
For the CM energy between 3.80 and 5.56 GeV, there are
no significant ete™ — yy.; and yy., signals. The upper
limits on the et e~ — yy.; production cross sections, which
range from a few pb to a few tens of pb, are set for the first
time and are listed in Table I. We also set upper limits on the
decay rate of the vector charmonium and charmoniumlike
states to yy.;. This information may help in understanding
the nature of these vector states.
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