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The cross sections for the reactions ete™ — ¢n, ¢n/, pn, pn’ have been measured using a data
sample of 516 fb~! collected with the Belle detector at the KEKB asymmetric-energy ete~ collider.
The corresponding values of the cross sections are: 1.4+ 0.4 £ 0.1 fb (¢n), 5.3 £ 1.1 £ 0.4 fb (¢7),
3.14+0.54+0.1fb (pn) and 3.3+ 0.6 £ 0.2 fb (pon’). The energy dependence of the cross sections is
presented using Belle measurements together with those of CLEO and BaBar.

© 2009 Elsevier B.V. Open access under CC BY license,

High-statistics data samples accumulated at B-factories allow a
study of rare exclusive two-body processes in ete™ annihilation.
An example of such a highly suppressed process is the reaction
ete” — VP, where V and P stand for Vector and Pseudoscalar
mesons, respectively. It has been observed [1,2] that double charm
production in eTe™ — J/¥n. has an unexpectedly high cross sec-
tion. The basic diagram for double charm production is very similar
to the one describing eTe™ — ¢n(n’) where ¢ quarks are replaced
by s quarks. Thus, comparison of the two reactions may contribute
to better understanding of the underlying physics. In addition, we
investigate the processes e™e™ — pn(n’), which also belong to the
VP class with a different isospin configuration and light quarks
only.

Some of the ete™ — VP reactions have previously been mea-
sured at different center-of-mass (CM) energies: in the DM1 ex-
periment at /s between 1.4 and 2.18 GeV [3], in the CLEO exper-
iment at /s = 3.67 GeV [4] and by the BaBar collaboration at /s
between 1 and 3 GeV using initial-state radiation (ISR) [5] and at
/s =10.58 GeV [6]. The cross section of the process ete™ — pn
was also measured by the BES collaboration at /s = 3.65 GeV [7].
The reaction ete™ — ¢n’ has not yet been observed, nevertheless
the upper limit on its cross section set by CLEO [4] can be useful
for discrimination between models that predict different energy
dependences.

The QCD-based models predict the energy dependence for the
process ete~ — VP to be 1/s* [8,9] while the cross section for the
process ete~ — ¢n measured by CLEO and BaBar favors a 1/s> de-
pendence. The form factor for the process ete™ — V P is expected
to have a 1/s dependence [10]. Recently theoretical calculations
of efe™ — VP cross sections have been published, which use the
light cone approach [11,12]. Predictions are given for two values
of «/s: 3.67 and 10.58 GeV. The authors of Ref. [11] claim that
their results favor a 1/s3 dependence. In Ref. [12] o ~ 1/s% is ex-
pected in the limit s — oco.

* Corresponding author.
E-mail address: Mikhail.Shapkin@ihep.ru (M. Shapkin).

The analysis presented here is based on data taken at the
Y (4S) (/s = 10.58 GeV) with the Belle detector at the KEKB
asymmetric-energy etTe~ collider [13]. The total integrated lumi-
nosity of the on-resonance sample used in the analysis is 516 fb~1.
To check that the processes ete~ — VP are due to a single-
photon annihilation and that the hadronic decay of the 7°(4S) does
not give a significant contribution, we use a 58 fb~! data sam-
ple collected 60 MeV below the resonance peak. All the observed
off-resonance signals are consistent with those at the 7°(4S) res-
onance within statistical errors. We use these data to set upper
limits for the branching ratios of 7" (4S) — V P.

A detailed description of the Belle detector is given else-
where [14]. We mention here only the detector components es-
sential for the present analysis. Charged tracks are reconstructed
from hit information in the central drift chamber (CDC) located in
a 1.5 T solenoidal magnetic field. Trajectories of charged particles
near the collision point are provided by a silicon vertex detector
(SVD). Photon detection and energy measurements are performed
with a CsI(TI) electromagnetic calorimeter (ECL). Identification of
charged particles is based on the information from the time-of-
flight counters (TOF) and silica aerogel Cherenkov counters (ACC).
The ACC provides good separation between kaons and pions or
muons at momenta above 1.2 GeV/c. The TOF system consists of
128 plastic scintillation counters and is effective in K/m separa-
tion for tracks with momenta below 1.2 GeV/c. Low energy kaons
are also identified using specific ionization (dE/dx) measurements
in the CDC.

In order to identify hadrons, for each of the three hadron
types i (i=m, K and p) a likelihood L; is formed using infor-
mation from the ACC, TOF, and dE/dx measurements from the
CDC. Kaons are selected with the requirement Lg/(Lx + L) > 0.6,
which has an efficiency of 90% and 6% probability to misidentify a
pion as a kaon. All charged tracks that are not identified as kaons
are considered to be pions.

Signal candidates are selected in two steps. Initially, events
with low multiplicity are selected by requiring that the number of
charged tracks in an event be two or four with zero net charge
and each track have a momentum transverse to the beam axis
(p¢) larger than 0.1 GeV/c; and that each track extrapolate to the
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interaction point (IP) within 1 c¢cm transversely and within 5 cm
along the beam direction. To suppress background from Bhabha
and putu~ events, the sum of the absolute values of momenta of
the first and second highest momentum tracks are required to be
less than 9 GeV/c. At least one track with p; above 0.5 GeV/c is
required. Beam-related background is suppressed by requiring that
the position of the reconstructed event vertex be less than 0.5 cm
from the IP in the transverse direction and less than 3 cm from
the IP along the beam direction.

Photons are defined as ECL clusters with energy deposits above
200 MeV that are not associated with charged tracks. Neutral pion
candidates are formed from pairs of photons with invariant masses
in the range 120 to 150 MeV/c?. The two-photon invariant mass
resolution in the mass region of the 7° is about 6 MeV/c2. For
the n — yy reconstruction we use only photons that do not form
a 7° candidate with any other photon. The invariant mass of
n — yy candidates should lie in the range 0.5-0.6 GeV/c®. The
two-photon invariant mass resolution in the mass region of the n
meson is about 20 MeV/c?.

After preselection we apply the following requirements to ex-
tract the exclusive V P final states:

e The difference between the energy of VP candidates in the
CM frame and +/s of KEKB should be between —0.3 and
+0.2 GeV';

e The angle between V and P candidates in the CM frame
should be larger than 175 degrees.

We consider the following decay modes of vector and pseu-
doscalar mesons: ¢(1020) - K*K~, p > n~, n— yy, n —
atn~y, n' — nuta~. After the application of the requirements
listed above we observe significant concentrations of events in the
scatter plots near the masses of corresponding vector and pseu-
doscalar mesons. These scatter plots are shown in Figs. 1a)-f).

A two-dimensional unbinned likelihood fit is applied to extract
the signal yields for the above reactions. We assume the mass dis-
tributions of vector and pseudoscalar particles to be uncorrelated;
thus the distributions in the scatter plots of Fig. 1 can be repre-
sented as the product of two one-dimensional probability density
functions (PDF), one for each dimension.? To fit the ¢(1020) —
KTK~ and p — 77~ invariant mass distributions we use a non-
relativistic Breit-Wigner function. The n — yy and n’ —» ntmw "y,
nm T~ invariant mass distributions are fitted with Gaussians. The
background for the K™K~ system is described by the product of
the threshold function (m(KTK~) —mg)* and a first-order polyno-
mial, where « is a free parameter and mg = 2my-+. The fit range for
m(K+K™) extends from mg to 1.12 GeV/c?. The backgrounds for
the 7t ~, yy, T~ and 7w tw~y systems are parameterized
with first-order polynomials. The fit ranges are 0.4-1.4 GeV/c?,
0.4-0.8 GeV/c?, 0.83-1.12 GeV/c? and 0.8-1.2 GeV/c? for m+ 7,
yy, nwTn~ and wtm~y, respectively. The two-dimensional fit-
ting functions for the scatter plots are the sum of products of the
corresponding one-dimensional signal and background functions.
The mean values (masses) of the signal functions are fixed at PDG
values [15] while their widths are fixed to the values obtained
from the corresponding inclusive spectra in the data. The signif-

icance of the fit is defined as \/—2In(Lg/Lmax), Where Ly and Lmax
are the likelihood values returned by the fit with signal yield fixed

1 This cut allows for low energy photon radiation up to 0.3 GeV to be present.

2 Two-dimensional function thus could be written as: f(m;,mz) =(A-s1+B-
b1)-(C-s2+D-b2), where s1(m;) and b1(m1) are one-dimensional signal and back-
ground functions for vector particle, s2(my) and b2(my) - for pseudoscalar particle,
A, B, C and D are free fitting parameters.
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Fig. 1. Scatter plots for the processes a) ete™ — ¢n — KTK~yy, b) efe” —
¢on — KTK—nrtrx=, ¢) efe” — ¢n — KTK-ntmn~y, d) ete” — pn —
atn-yy,e)ete” = pn > atanata, f) ete” — pn > wtr Aty
The dotted lines show the mass ranges used for one-dimensional projections.

Table 1
Observed number of events, significance (X') of the fit, efficiencies and cross sec-
tions (o).

Process Nsignal X & (%) o (fb)

onyy) 14.6+43 8.0 14.1 1.1+£03
on' (nta) 3.0+1.7 12.0 0.917 29416
on' (@t ~y) 19.6 £4.5 30.0 5.36 49+1.1
¢’ (comb.) 43+0.9
onyy) 116.3 £20.2 9.2 23.2 25+04
on'(mrtaT) 17.9+4.8 7.9 3.58 2.2+0.6
pn' (@ "yY) 72.1+15.0 7.6 143 3.3+0.7
pn’(comb.) 2.7+0.5

to zero and at its best fit value. The signal yields obtained from
this fit procedure and the significance of the fits for all processes
are presented in Table 1.

The corresponding one-dimensional projections together with
the results of a two-dimensional fit for different reactions are
shown in Figs. 2a,b)-7a,b). From the fitted signal yields, N, we
determine the corresponding cross sections according to the for-
mula:

N

- 1
7= 1ByBpe (1)
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Fig. 4. The mass projections for the scatter plot m(K*K~) vs. m(x 7 ~y) onto
a) KTK~ and b) 7T~y for the reaction ete™ — ¢n' — K* K~ * 7~ y. The solid
curves show the result of the two-dimensional fit, the dotted curves show the back-
ground contamination.

where L is the integrated luminosity (516 fb—1), By, Bp are the
branching fractions of the corresponding decay channels of the
vector and pseudoscalar mesons [15] and ¢ is the corresponding
detection efficiency. The detection efficiencies are determined from
Monte Carlo samples where the eTe~ — V P reactions are gener-
ated without ISR and with an angular dependence corresponding
to a JP =1~ initial state [16]:

dN
d cos0*d cos Oy dopy

ocsin? By (1 + cos? 0% + cos 2¢y sin® %),

(2)

with the production angle 6* defined as the angle between the
vector meson direction and incident e~ beam in the CM frame.
The vector meson helicity angle 6y is defined as the polar an-

Fig. 5. The mass projections for the scatter plot m(sx =) vs. m(yy) onto a) 7 7~
and b) yy for the reaction ete~™ — pn — 7T~y y. The solid curves show the
result of the two-dimensional fit, the dotted curves show the background contami-
nation.
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Fig. 6. The mass projections for the scatter plot m(zx 7 ~) vs. m(nw+m~) onto
a) rtw~ and b) ntm~ for the reaction ete™ — pn’ — wtw~nmtx . The solid
curves show the result of the two-dimensional fit, the dotted curves show the back-
ground contamination.
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Fig. 7. The mass projections for the scatter plot m(z*7~) vs. m(zx*7~y) onto
a)t+tx~ and b) 7T~y for the reaction ete™ — pn’ — wtx -7 ~y. The solid
curves show the result of the two-dimensional fit, the dotted curves show the back-
ground contamination.

gle, measured in the vector meson rest frame, of the positive
decay product momentum direction with respect to an axis that
is aligned with the vector meson momentum direction in the CM
frame. The variable ¢y is the vector meson’s positive decay prod-
uct azimuthal angle around the direction of the vector meson
measured with respect to the plane formed by the vector me-
son and the incoming electron. The generated events were passed
through a full GEANT [17] Belle simulation and reconstruction pro-
cedures including the trigger simulation. The trigger efficiencies,
estimated with MC samples described above, are about 93% and
over 97% for two-charged-track and four-charged-track events, re-
spectively.

The cross sections before applying radiative corrections together
with the observed numbers of signal events, significances of the fit
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Table 2

Total systematic uncertainties for analyzed channels.
Channel Error (%)
ete” - ¢n— K K yy 5.3
ete” > ¢y > KK yyntn~ 7.4
ete” > ¢y - KK ntn—y 6.2
ete” > pn—>ntanyy 5.0
ete” — pn' > ntn-yynta~ 7.0
ete” > pn' > atnatany 5.9

and efficiencies are presented in Table 1. Efficiencies for the pro-
cesses ete” — ¢n'(nrT~) and ete” — pn'(nwTwT) include
the branching fraction of n — y¥(39.31 £ 0.20)% [15].

The systematic uncertainty on the n — yy detection efficiency
is dominated by the uncertainty on the MC shower simulation
in the ECL and other material. In order to estimate this un-
certainty, we compare the ratio of signal yields for the decays
n— vy and n — 7% %7° in the data and in Monte Carlo sim-
ulation. We observe a difference of about 4%, which is treated as
the systematic error in the n — yy detection efficiency. We as-
sume the uncertainty in the single photon detection efficiency to
be 2%. The systematic uncertainties due to the experimenta er-
rors in the branching fractions of the analyzed decay channels [15]
are 1.3%, 3.4%, 0.5% and 3.2% for the ¢n, ¢n', pn and pn’, re-
spectively. The systematic uncertainty in the tracking efficiency is
estimated from D** — D7+t — K~ wtmx* decays to be 1% per
track. The systematic uncertainty from the two-dimensional fit is
estimated from variations in the number of events with mass val-
ues and widths floating and fixed. It is estimated to be 1.5%. The
uncertainty in the luminosity measurement is determined by the
accuracy of the Bhabha generator, which is 1.4%. The systematic
uncertainty due to trigger efficiency is obtained from compari-
son of the rate of the ete™ — ¢y events with the one expected
from MC simulation. It is taken to be 1%. The uncertainty due
to limited Monte Carlo statistics is at most 2% for the process
ete™ — ¢n' — KTK~yymxTm~. The uncertainty on the charged
kaon identification is estimated by comparing efficiencies of kaon
identification in decays D** — D97t — K—nwtxwt for the data
and Monte Carlo events. For the uncertainty of a charged kaon
identification we take the relative difference in these efficiencies,
which is 0.5% per kaon. The systematic uncertainties for all ana-
lyzed channels are given in Table 2.

To check whether the observed signals are due to 7 (4S) de-
cays, we scale the off-resonance signals to the on-resonance lu-
minosity, and subtract them from the on-resonance signals. The
observed numbers of events in the off-resonance data are 1+ 1,
1+1, 24+14 152 +47, 1+£1, 7+ 3.6 for the processes
on(yy), o0’ (mtr7), o0/t Ty), pn(yy), pn’'(pr ) and
on'(wtT~y), respectively. The resulting branching fractions for
Y (4S) — VP are (0.4+0.8) x 1076, (—0.6 £2.8) x 1076, (—0.5+
1.0) x 1075, (0.8 £0.9) x 107° for the ¢n, ¢n’, pn, pn’ channels,
respectively, which are consistent with zero. These results can be
expressed as the 90% confidence level upper limits [18], which are
equal to 1.8 x 1076, 4.3 x 1075, 1.3 x 1075, 2.5 x 107 for the ¢n,
on’, pn, pn’ channels, respectively. The systematic uncertainties
are also taken into account for upper limit calculations

In the light cone approach the authors of Refs. [11,12] gave pre-
dictions for the cross sections of the reactions analyzed by Belle at
/s = 10.58 GeV. In Table 3 we present the Belle cross sections
radiatively corrected according to Ref. [19] together with theory
predictions [11,12]. The radiatively corrected cross section can be
written as

o
= —, 3
90=1rs ()

Table 3

The values of cross sections of reactions eTe~ — VP, radiatively corrected accord-
ing to Ref. [19], measured by Belle and predicted by theory [11,12] and the BaBar
measurement.

Channel oo Belle (fb) o [11] (fb) o [12] (fb) oo BaBar (fb)
ete” — ¢n 14404401 3.3-43 2.4-3.4 2.9+0540.1
ete” - ¢n’ 53411404 44-58 3.5-5.0 -
ete” —pn  31£05+01 24-3.1 2.4-35 -
ete” — pn’ 33406+£02 1.5-2.1 1.6-2.3 -
S4n5 T ] 5
210N a){ 0 F.
01047 .,’.. B 1047 .
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Fig. 8. The measured cross sections at /s & 2.5, 2.75 GeV by BaBar, /s = 3.67 GeV
by CLEO and at /s = 10.58 GeV by BaBar and Belle for the various processes.
BaBar measurements are represented by squares. a) ete™ — ¢n, b) ete™ — ¢n’;
c) ete” — pn; d) efe™ — pn'. In the plot b) the CLEO upper limit is shown by
the arrow. The solid lines correspond to a 1/s* dependence and the dashed ones
represent 1/s3.

where o is taken from Eq. (1). The value of 1+ § corresponding
to the energy cut of 0.3 GeV is equal to 0.809 [19]. The BaBar
measurement of the reaction ete™ — ¢n [6] is also presented in
Table 3. The corresponding value of 1 + § for the BaBar energy
cut of 0.23 GeV is 0.768. BaBar reports that the cross section of
the reaction ete™ — ¢n is 2.9+ 0.5 £ 0.1 fb [6]. The Belle cross
section is smaller than the BaBar result by about 2.30.

From Table 3 we see that in comparison to theory [11,12] the
Belle experimental cross section for ete™ — ¢n is significantly
lower, ete™ — pn’ is about 1.80 higher, while eTe™ — ¢n’ and
ete™ — pn agree within errors with theory. There is also a dis-
crepancy between the data and light cone expectation in the ratio
of the cross section of n meson production together with vector
mesons to that of »’ production. As can be seen from Table 3, the
light cone approach [11] predicts %:5% > 1 while this trend
is not observed in data.

The energy dependence of the cross sections may have impor-
tant theoretical implications. In Figs. 8a)-d) we show the Belle data
radiatively corrected according to Ref. [19] together with CLEO and
BaBar ISR results. The BaBar data were averaged for /s values from
2.5 to 3 GeV. We also show 1/s> and 1/s* dependences, which
pass through the CLEO points. In Fig. 8b) the arrow shows the
CLEO upper limit and the curves pass through the Belle measure-
ment. From Fig. 8 we cannot draw any definite conclusion about
the energy dependence of the ete™ — V P reactions.
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To summarize, we have measured cross sections of the exclu-
sive processes ete™ — ¢n, ete™ — ¢n’, eTe” — pn, eTe” — pn’
where the final state includes soft photons with energies be-
low 0.3 GeV using a 516 fb~! data sample recorded near /s =
10.58 GeV. The corresponding values of the cross sections in fem-
tobarns are: 1.4+£04+0.1, 53+ 1.1+04, 3.1+ 0.5+0.1 and
3.3 £0.6 £ 0.2. The results are compared with theoretical predic-
tions from the light cone approach [11,12]. Analysis of the energy
dependence of the cross sections using our results together with
those of CLEO at /s =3.67 GeV [4] and BaBar 2.5 GeV for ¢n and
2.75 GeV for pn, pn’ [5] shows that there is no universal energy
dependence for these processes. The ratios of cross sections of 1
meson production together with vector mesons to the correspond-
ing cross sections for " meson production are different from the
light cone expectation [11,12]. The 90% confidence level upper lim-
its on the branching fractions of the 1" (4S) — VP are 1.8 x 1075,
43 %1075, 1.3 x107%, 2.5 x 107 for the ¢n, ¢1/, pn, pn’ chan-
nels, respectively.
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