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The processes yy — w@, ¢, and ww are measured using an 870 fb~! data sample collected with the
Belle detector at the KEKB asymmetric-energy et e collider. Production of vector meson pairs is clearly
observed and their cross sections are measured for masses that range from threshold to 4.0 GeV. In
addition to signals from well established spin-zero and spin-two charmonium states, there are resonant
structures below charmonium threshold, which have not been previously observed. We report a spin-parity
analysis for the new structures and determine the products of the 7., x.o, and x., two-photon decay
widths and branching fractions to w¢, ¢ ¢, and wow.

DOI: 10.1103/PhysRevLett.108.232001

A plethora of states, especially many new charmonium
or charmoniumlike states (the so called “XYZ particles”),
that are not easily accommodated within the quark model
picture of hadrons have been observed [1]. Recently a clear
signal for a new state X(3915) — wJ/ ¢ [2] and evidence
for another state X(4350) — ¢J/ s [3] have been reported,
thereby introducing new puzzles to charmonium or char-
moniumlike spectroscopy. Since these states couple to a
J/ i and a light mass vector, some authors have suggested
that they are good candidates for molecular or tetraquark
states [1].

It is natural to extend the above theoretical picture to
similar states coupling to w¢, since the only difference
between such states and the X(3915) [2] or X(4350) [3] is
the replacement of the ¢ pair with a pair of light quarks.
States coupling to ww or ¢ ¢, although not as exotic as
those that decay into w¢, which have two pairs of light
quarks in different generations, could also provide infor-

PACS numbers: 14.40.—n, 13.25.Gv, 13.25.Jx, 13.66.B¢c

mation on the classification of the low-lying states coupled
to pairs of light vector mesons.

Experimental studies of yy — VV (V = p, w, ¢, K¥)
began in 1980 with the measurement of yy — p°p° [4],
and later yy — p*p~ [5]. A number of theoretical mod-
els, such as g% tetraquark states [6], Regge exchange [7],
and an s-channel p°p® resonance [8], were proposed to
explain the large cross section observed in yy — p°p°
near the p°p° threshold that is absent in yy — ptp~
[9]. The yy — w¢ and ww processes were studied by
the ARGUS Collaboration [10,11] with very limited sta-
tistics, while yy — ¢ ¢ has never been measured below
the charmonium mass region.

In this Letter, we report measurements of the cross
sections for yy — VV, where VV = wd¢, ¢ ¢, and ww,
as well as observations of new resonant structures below
charmonium threshold. The results are based on an analy-
sis of an 870 fb~! data sample taken at or near the Y(nS)
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(n=1,...,5) resonances with the Belle detector [12]
operating at the KEKB asymmetric-energy e e~ collider
[13]. The Belle detector is described in detail elsewhere
[12]. We use the program TREPS [14] to generate signal
Monte Carlo (MC) events and determine experimental
efficiencies and luminosities.

We require four reconstructed charged tracks with zero
net charge. The selections of the charged kaon and pion
tracks are the same as in Ref. [15]. With this selection, the
kaon (pion) identification efficiency is about 97% (98%),
while 0.4% (1.0%) of kaons (pions) are misidentified as
pions (kaons). A similar likelihood ratio is formed for
electron identification [16]. Photon conversion back-
grounds are removed if any charged track in an event is
identified as electron or positron (R, > 0.9). For yy —
& ¢, we require that only three of the charged tracks be
identified as kaons.

A good neutral cluster is reconstructed as a photon if its
electromagnetic calorimeter (ECL) shower does not match
the extrapolation of any charged track and its energy is
greater than 50 MeV. The 7 candidates are reconstructed
from pairs of photons with invariant mass within
15 MeV/c? of the 7° nominal mass. Here the 77° mass
resolution is about 6 MeV/c? from MC simulation. A
mass-constrained kinematic fit is applied to the selected
7° candidate and x? < 10 is required. For yy — ww, the
energies of the photons from 770 decays are further required
to be greater than 75 MeV in the endcap ECL region
(cosf, < —0.65) to suppress background with misrecon-
structed photons. When there are more than two 7° can-
didates in an event, the pair with the smallest y> sum from
the mass constraint is retained. To suppress backgrounds
with extra neutral clusters in the w¢ and ww modes,
events are removed if there are additional photons with
energy greater than 160 MeV.

We define the w signal region as 0.762 GeV/c? <
M(mt 7~ 7°) < 0.802 GeV/c?, and the w mass sidebands
region as 0.702 GeV/c> < M(7+ 7~ 7°) < 0.742 GeV/c?
or 0.822GeV/c*<M(m* 7~ 7°) <0.862GeV/c?, which
is twice as wide as the signal region. The ¢ signal region
is defined as 1.012GeV/c2<M(KTK~)<1.027 GeV/c?,
and its sideband regions are defined as 0.99 GeV/c? <
M(K*K~) < 1.005 GeV/c? or 1.034 GeV/c?* <
M(KTK™) < 1.049 GeV/c?>. The ¢ sidebands are also
twice as wide as the signal region. The V'V pair sideband
is defined as one V in the signal region while the other in
the V mass sideband. For the two possible combinations of
¢ ¢ in the 2(K* K~) final state, the one with the smallest
Bmin = IM(K*K ™), — myP + [M(K*K™), — my P is
chosen. For the four possible combinations of ww, only
one combination from a true signal can survive after event
selection.

The magnitude of the vector sum of the final particles’
transverse momenta in the ete™ center-of-mass (c.m.)
frame, | 3 P|, which approximates the transverse momen-

tum of the two-photon-collision system, is used as a dis-
criminating variable to separate signal from background.
The signal tends to accumulate at small IZﬁTI values
while the non-yvy background is distributed over a wider
range. We obtain the number of VV events in each VV
invariant mass bin by fitting the | ¥ P}| distribution be-
tween zero and 0.9 GeV/c. The signal shape is from MC
simulation of the signal mode and the background shape is
parameterized as a second-order Chebyshev polynomial.
In order to control the background shape, we restrict the
coefficients of the background polynomials in nearby in-
variant mass bins to vary smoothly. The resulting VV
invariant mass distributions are shown in Fig. 1.

There are some obvious structures in the low VV invari-
ant mass region in Fig. 1. Two-dimensional (2D) angular
distributions are investigated to obtain the J* of the struc-
tures. In the process yy — V'V, five angles are kinemati-
cally independent. Among the possible variable sets, we
choose z, 7%, 2, ¢*, and ¢** [17] and use the transversity
angle (¢7) and polar-angle product (II,) variables to
analyze the angular distributions. They are defined as
br = 9" + ¢*|/2m, Ty = [1 = ()][1 — ()],

We obtain the number of signal events by fitting the
| S P}| distribution in each ¢, and II, bin in the 2D
space, which is divided into 4 X 4, 5X 5, and 10 X 10
bins for w¢, P @, and ww, respectively, for M(VV) <
2.8 GeV/c2, in some wider VV mass bins as shown in
Fig. 2. The obtained 2D angular distribution data are fitted
with the signal shapes from MC-simulated samples with
different J” assumptions (07, 07, 2%, 27). We find (1) for
wa¢: 07 (S wave) or 2% (S wave) can describe data with
x?/ndf = 1.1 or 1.2, while a mixture of 0" (S wave) and
2% (S wave) describes data with y?/ndf = 0.9 (ndf is the
number of degrees of freedom); (2) for ¢ ¢: a mixture of
0%t (S wave) and 2~ (P wave) describes data with
x2/ndf = 1.3; and (3) for ww: a mixture of 0 (S wave)
and 2% (S wave) describes data with y?/ndf = 1.3. The
contributions from other J* are found to be small and thus
neglected.

The cross section o,y (W,,) is calculated from

An
Tyy—vv(Wyy) = L, ’ (1

aw,, €(W,y)AW,,

where j‘fvyyyy is the differential luminosity of the two-photon
collision, and e is the efficiency. Here AWW is the bin
width and An is the number of events in the AW, bin.
The yy — V'V cross sections are shown in Fig. 2. For the
processes Yy — w¢ and ¢ ¢, the cross sections are mea-
sured in the c.m. angular range | cosf*| < 0.8 since there
are no detected events beyond this limit, while for ww the
full cos#™ range is covered. The cross sections for different
JP values as a function of M(VV) are also shown in
Fig. 2. We observe structures at M(w¢) ~ 2.2 GeV/c?,
M(pd) ~2.35GeV/c?, and M(ww)~ 1.91 GeV/c?
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FIG. 1 (color online). The (a) we, (b) ¢p¢ and (¢) ww invari-
ant mass distributions obtained by fitting the | ¥, P}| distribution
in each VV mass bin. The shaded histograms are from the
corresponding normalized sidebands, which will be subtracted
in calculating the final cross sections.

with peak cross sections of (0.27 = 0.05) nb, (0.30 =
0.04) nb, and (5.30 * 0.42) nb, respectively. While there
are substantial spin-zero components in all three modes,
there are also significant spin-two components, at least in
the ¢ ¢ and ww modes. The phase space enhancement
effect should be much closer to the V'V mass thresholds and
it is impossible to produce the observed mass-dependent
cross sections.

The inset also shows the distribution of the cross section
on a semilogarithmic scale, where, in the high mass region,
we fit the W)’ dependence of the cross section. The solid
curves are the fitted results; the fit gives n = 7.2 = 0.6,
8.4+ 1.1,and 9.1 = 0.6 for the w¢, ¢ P, and ww modes,
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FIG. 2 (color online). The cross sections of yy — wd¢ (a), ¢
(b), and ww (c) are shown as points with error bars. The cross
sections for different J© values as a function of M(VV) are
shown as the triangles and squares with error bars. For the
processes yy — wd¢ and ¢ ¢, the cross sections are measured
in the c.m. angular range | cos#*| < 0.8, while for ww the full
cos@” range is covered. The error bars are statistical only; there
are overall systematic errors of 15%, 11% and 13% for w ¢, ¢ P
and ww, respectively. The inset also shows the cross section on a
semilogarithmic scale. In the high energy region, the solid curve
shows a fit to a W,/ dependence for the cross section after the
significant charmonium contributions (1., x.o and x.,) were
excluded.

respectively. These results are consistent with the predic-
tions from pQCD and handbag models [18], and similar to
previous measurements in other modes [19].

There are several sources of systematic error for the
cross section measurements. The particle identification
uncertainties are 1.5% for each kaon, 1.2% for each pion.
A momentum-weighted systematic error in tracking
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10 H efficiency is taken for each track, which is about 0.6%. The
(a) efficiency uncertainties associated with the w and ¢ mass
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FIG. 3 (color online). The invariant mass distributions of
(a) we, (b) ¢, and (¢) ww combinations in the charmonium
mass region with the requirement of | ¥ P}| < 0.1GeV/c. The
points with error bars are data, and the solid curves are the best
fits.

requirements are almost independent of the V'V mass, and
are estimated to be 1.9% and 1.6%, respectively. The
statistical error in the MC samples is about 0.5%. The
accuracy of the two-photon luminosity function calculated
with the TREPS generator is estimated to be about 5%
including the error from neglecting radiative corrections
(2%), the uncertainty from the form factor effect (2%), and
the uncertainty in the total integrated luminosity (1.4%)
[14]. The uncertainty of the trigger simulation is smaller
than 5% [20]. The preselection efficiency for the final
states has little dependence on the VV invariant mass,
with an uncertainty that is smaller than 1% for wd¢, 4%
for ¢ and 2.5% for ww. From Ref. [21], the uncertainty
in the world average values for B(¢p — K*K™) is 1.1%
and that for B(w — 7" 7~ 7°) is 0.8%. The uncertainty in
the fitted yield for the signal is estimated by varying the
order of the background polynomial and fit range, which is
10% for w¢, 2.5% for ¢ ¢p, and 4.0% for ww. The uncer-
tainty on the | ¥ P*| resolution is smaller than 2.2%, which
is estimated by changing the MC signal resolution by
*10%. The uncertainty on the weighted efficiency curve
is estimated by changing the fitted ratio of the J¥ compo-
nents by * 10, which is 1.0% for w¢, 3.1% for ¢ ¢, and
1.0% for ww. Assuming that all of these systematic error
sources are independent, we add them in quadrature to
obtain the total systematic errors, which are 15%, 11%,
and 13% for w¢, ¢ ¢, and ww, respectively.

For VV invariant masses above 2.8 GeV/c?, we mea-
sure the production rate of charmonium states. In measur-
ing the production rates, | Y P!|is required to be less than
0.1 GeV/c in order to reduce backgrounds from non-two-
photon-processes and two-photon-processes with extra
particles other than ¢ or w in the final state.

Figure 3 shows the V'V invariant mass distributions and
best fits. Clear 7., x.o and x., — ¢, and 7, — ww
signals are evident. The VV mass distributions are fitted
with three incoherent Breit-Wigner functions convoluted
with a corresponding double Gaussian resolution function
as the 7., x.0 and Y., signal shapes, and a second-order
Chebyshev polynomial as the background shape.

The numbers of signal events and product of the two-
photon decay width and branching fraction I',, B(X —
VV) (or the upper limits in case the signal is insignificant)

TABLE I. Results for I',, B(X — VV) (eV) and the numbers of events (in brackets) for 1., x.o and x.,, where the values of B(w —
a7 7%) = (89.2 + 0.7)% and B(¢p — KTK~) = (48.9 + 0.5)% are used [21]. The first and second errors for the central values are
statistical and systematic, respectively. The upper limits are obtained at the 90% confidence level with systematic errors included.

Mode wd X0} Ww

M, <0.49 [ <7.9] 7.75 = 0.66 = 0.62 [386 £ 31] 8.67 =2.86 £ 0.96 [85 = 29]
Xco <0.34 [ <4.3] 1.72 £ 0.33 = 0.14 [56 = 11] <3.9[<35]

Xc2 <0.04 [ <24] 0.62 = 0.07 = 0.05 [89 = 11] <0.64 [ < 28]
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for 1., x.0 and x,., are listed in Table I. In these calcu-
lations, we assume there is no interference between the
charmonium and the continuum amplitudes [22]. A sys-
tematic error estimate similar to that for the cross sections
considers additionally the uncertainties on the resonance
parameters and results in the total systematic errors of
13%, 11%, and 11% for I, (R)B(R — w¢); 7.9%,
8.0%, and 7.2% for I, ,(R)B(R — ¢ ¢); and 11%, 10%,
and 9.1% for I',,,(R)B(R — ww), for R = 7., x. and
X2, respectively. For the upper limit determinations, the
efficiencies have been lowered by a factor of 1-o in
order to obtain conservative values. The measurements of
I',,B(X — ¢¢) for 9., x. and x,, are consistent with
previously published results [20] with improved precision.
The values of I',, B(X — ¢¢) for ., x, and . ob-
tained in this work supersede those in Ref. [20]. All the
other results are first measurements.

In summary, we present a search for exotic states in two-
photon processes Yy — w ¢, ¢ ¢ and ww. The production
of we, ¢p¢, and ww is observed, and cross sections are
measured up to 4 GeV/c?. The cross sections for yy —
w ¢ are much lower than the prediction of the ¢?g? tetra-
quark model [9] of 1 nb, while the resonant structure in the
vy — ¢¢ mode is nearly at the predicted position.
However, the ¢ ¢ cross section is an order of magnitude
lower than the expectation in the tetraquark model. On the
other hand, the #-channel factorization model [23] pre-
dicted that the ¢p¢ cross sections vary between 0.001 nb
and 0.05 nb in the mass region of 2.0 GeV/c? to
5.0 GeV/c?, which are much lower than the experimental
data. For yy — ww, the f-channel factorization model
[23] predicted a broad structure between 1.8 GeV/c? and
3.0 GeV/c? with a peak cross section of 10-30 nb near
2.2 GeV/c?, while the one-pion-exchange model [24] pre-
dicted an enhancement near threshold around 1.6 GeV/c?
with a peak cross section of 13 nb using a preferred value
of the slope parameter. Both the peak position and the
peak height predicted in [23,24] disagree with our
measurements.
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