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P. Taras,50 F. B. Viaud,50 H. Nicholson,51 N. Cavallo,52,‡ G. De Nardo,52 F. Fabozzi,52,‡ C. Gatto,52 L. Lista,52

D. Monorchio,52 P. Paolucci,52 D. Piccolo,52 C. Sciacca,52 M. A. Baak,53 G. Raven,53 H. L. Snoek,53 C. P. Jessop,54

J. M. LoSecco,54 G. Benelli,55 L. A. Corwin,55 K. K. Gan,55 K. Honscheid,55 D. Hufnagel,55 P. D. Jackson,55 H. Kagan,55

R. Kass,55 J. P. Morris,55 A. M. Rahimi,55 J. J. Regensburger,55 R. Ter-Antonyan,55 Q. K. Wong,55 N. L. Blount,56 J. Brau,56

R. Frey,56 O. Igonkina,56 J. A. Kolb,56 M. Lu,56 C. T. Potter,56 R. Rahmat,56 N. B. Sinev,56 D. Strom,56 J. Strube,56

E. Torrence,56 A. Gaz,57 M. Margoni,57 M. Morandin,57 A. Pompili,57 M. Posocco,57 M. Rotondo,57 F. Simonetto,57

R. Stroili,57 C. Voci,57 E. Ben-Haim,58 H. Briand,58 J. Chauveau,58 P. David,58 L. Del Buono,58 Ch. de la Vaissière,58

PHYSICAL REVIEW D 74, 111103(R) (2006)

RAPID COMMUNICATIONS

1550-7998=2006=74(11)=111103(7) 111103-1 © 2006 The American Physical Society



O. Hamon,58 B. L. Hartfiel,58 Ph. Leruste,58 J. Malclès,58 J. Ocariz,58 L. Gladney,59 M. Biasini,60 R. Covarelli,60

C. Angelini,61 G. Batignani,61 S. Bettarini,61 G. Calderini,61 M. Carpinelli,61 R. Cenci,61 F. Forti,61 M. A. Giorgi,61

A. Lusiani,61 G. Marchiori,61 M. A. Mazur,61 M. Morganti,61 N. Neri,61 E. Paoloni,61 G. Rizzo,61 J. J. Walsh,61 M. Haire,62

D. Judd,62 D. E. Wagoner,62 J. Biesiada,63 P. Elmer,63 Y. P. Lau,63 C. Lu,63 J. Olsen,63 A. J. S. Smith,63 A. V. Telnov,63

F. Bellini,64 G. Cavoto,64 A. D’Orazio,64 D. del Re,64 E. Di Marco,64 R. Faccini,64 F. Ferrarotto,64 F. Ferroni,64

M. Gaspero,64 L. Li Gioi,64 M. A. Mazzoni,64 S. Morganti,64 G. Piredda,64 F. Polci,64 F. Safai Tehrani,64 C. Voena,64
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75Università di Torino, Dipartimento di Fisica Sperimentale and INFN, I-10125 Torino, Italy
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We report the observation of e�e� ! �� near
���
s
p
� 10:58 GeV with 6:5� significance in the

K�K��� final state in a data sample of 224 fb�1 collected by the BABAR experiment at the PEP-II
e�e� storage rings. We measure the restricted radiation-corrected cross section to be ��e�e� ! ��� �
2:1� 0:4�stat� � 0:1�syst� fb within the range j cos��j< 0:8, where �� is the center-of-mass polar angle
of the � meson. The � meson is required to be in the invariant mass range of 1:008<m� <
1:035 GeV=c2. The radiation-corrected cross section in the full cos�� range is extrapolated to be 2:9�
0:5�stat� � 0:1�syst� fb.

DOI: 10.1103/PhysRevD.74.111103 PACS numbers: 13.66.Bc, 13.25.�k, 14.40.Ev

The large data samples of the B factories provide an
opportunity to explore rare exclusive quasi-two-body pro-
cesses in e�e� annihilation, such as final states produced
through one virtual photon with negative C-parity (J= �c
or other double charmonium states) [1,2], and two-virtual-
photon annihilation (TVPA) with positive C-parity (�0�0

or��0) [3]. The process e�e� ! J= �c and other double
charmonium processes are observed at rates approximately
10 times larger than the expectation from QCD-based
models [4]. Various theoretical efforts have been made to
resolve the discrepancy between experimental and theo-
retical results [5–7]. Another avenue to explore this puzzle
is provided by the related process e�e� ! ��. A recent
observation of  �3770� ! �� at a branching fraction
of �3:1� 0:6� 0:3� 0:1� � 10�4 [8] also stimulates a
search for ��4S� ! ��.

We report the observation of e�e� ! ��, which is
analogous, in the s quark sector, to the process e�e� !
J= �c, since the�meson has an s�s quark-pair component.
The Feynman diagram for the most likely production
mechanism is shown in Fig. 1. However, since � is not
purely s�s, the cross section for this production mechanism
is determined by the projection onto the s�s component of
the � meson. A calculation using the QCD-based light
cone method with relativistic treatment for the light s quark
is possible and therefore can provide a theoretical estima-
tion [9].

The �� combination is a vector-pseudoscalar (VP) final
state. The production rates for e�e� ! VP can be de-
scribed by form factors, which are predicted in QCD-based
models [10–12]. Different models predict different depen-
dences on center-of-mass (CM) energy squared s. The
recent measurements of e�e� ! VP�!�0; �� and ��0�

from BES [13,14] investigated the s dependence of the
cross sections and form factors in the energy range from
3.65 to 3.773 GeV. It is interesting to investigate the s
dependence over a wider energy range. Since CLEO mea-
sured the cross section for e�e� ! �� at CM energy���
s
p
� 3:67 GeV [8], a measurement of the same process

at
���
s
p
� 10:58 GeV provides a meaningful test of the s

dependence.
This analysis uses 204 fb�1 of e�e� colliding beam data

collected on the ��4S� resonance at
���
s
p
� 10:58 GeV and

20 fb�1 collected 40 MeV below the ��4S� mass with the
BABAR detector at the SLAC PEP-II asymmetric-energy B
factory. The BABAR detector is described in detail else-
where [15]. Charged-particle momenta and energy loss are
measured in the tracking system that consists of a silicon
vertex tracker (SVT) and a drift chamber (DCH). Electrons
and photons are detected in a CsI(Tl) calorimeter (EMC).
An internally reflecting ring-imaging Cherenkov detector
(DIRC) provides charged particle identification (PID). An
instrumented magnetic flux return (IFR) provides identifi-
cation of muons. Kaon and pion candidates are identified
using likelihoods of particle hypotheses calculated from
the specific ionization in the DCH and SVT and the
Cherenkov angle measured in the DIRC. Photons are iden-
tified by shower shape and lack of associated tracks.

To reconstruct �� in the K�K��� mode, events with
exactly two well-reconstructed, oppositely charged tracks
and at least two well-identified photons are selected.
Charged tracks are required to have at least 12 DCH hits
and a laboratory polar angle within the SVT acceptance,
0:41< �< 2:54 radians. The laboratory momenta of the
kaon candidates are required to be greater than 800 MeV=c
to reduce background. The two tracks selected must both
be identified as kaons. We fit the two tracks to a common
vertex, and require the �2 probability to exceed 0.1%. The
photon candidates are required to have a minimum labo-
ratory energy of 500 MeV. The invariant mass distribution
ofK�K���, after requiring the invariant mass ofKK to be
near the � mass (mKK < 1:1 GeV=c2) and that of �� to be
near the � mass (0:4<m�� < 0:8 GeV=c2) is shown in
Fig. 2(a). We accept events with a reconstructed invariant
mass of K�K��� within 230 MeV=c2 of the e�e� CM
energy. There is at most one entry per event in the region of
interest.
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FIG. 1. Possible Feynman diagram for e�e� ! ��.
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Figure 2(b) shows the scatter plot of invariant masses of
K�K� and �� pairs from the accepted e�e� ! K�K���
events. The concentration of events indicates ��
production.

We use a two-dimensional log-likelihood fit to extract
the signal for the reaction e�e� ! ��. Because of the fact
that the final state particle masses are far below the e�e�

collision energy, we may treat the two-body masses as
uncorrelated. Justified by Fig. 2(b), the signal probability
density function (PDF) is constructed as a product of two
one-dimensional PDFs, one for each resonance. We use a
P-wave relativistic Breit-Wigner formula to construct a
PDF for the � resonance and a Gaussian function to model
the � resonance. A threshold function q3=�1� q3Rt� is
used to model the background in the K�K� system, where
q is the daughter momentum in the� rest frame and Rt is a
shape parameter. A linear function (p0 � p1 	m��) is used
to model the background under the �.

In the fit to data, we fix the mass and width of the � and
the mass of the � to the world average values [16]. The
width of the�, 13.6 MeV, is fixed to the resolution obtained
from simulation. The floating parameters in the fit are: Rt,
p0=p1, and the numbers of events for all components—
��, ��� and �K�K�. The mass projections in KK and
�� from the two-dimensional fit are shown in Fig. 3(a) and
3(b), respectively. We define the � mass window as
1:008<mKK < 1:035 GeV=c2 to reduce the systematic

uncertainty due to the long tail of � masses. The extracted
number of �� signal events is 24� 5 in the � mass
window, with 20� 5 in the on-resonance sample and 3�
2 in the off-resonance sample. The number of background
events within the � mass window and within 3 standard
deviations of the � mass is 7� 2. The significance is
estimated by the log-likelihood difference between signal
(ln�Ls�) and null (ln�Ln�) hypotheses (no �� signal com-
ponent in the PDF),

������������������������
2ln�Ls=Ln�

p
, which gives 6.5 standard

deviations.
Given the negative C-parity of the �� final state, we

assume �� is produced through one-virtual-photon anni-
hilation. The angular distributions of �� from a JP � 1�

initial state, in the helicity basis [17], can be calculated to
be:

 

dN
d cos��d cos��d’�

/ sin2���1� cos2��

� cos2’�sin2���; (1)

where the production angle �� is defined as the angle
between the � meson direction and incident e� beam in
the CM frame. The � helicity angle �� is defined as the
polar angle, measured in the � rest frame, of the K�

momentum direction with respect to an axis that is aligned
with the � momentum direction in the laboratory frame.
The variable ’� is the K� azimuthal angle around the
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FIG. 3 (color online). Mass projections for (a) K�K� pairs and (b) �� pairs in K�K��� events.
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direction of the � measured with respect to the plane
formed by the � and the incoming electron. The helicity
and azimuthal angles of the pseudoscalar � are flat and
thus not included in Eq. (1). Integrating over the other two
angles, the distributions of the production angle, � helicity
and � azimuthal angle are expected to be 1� cos2��,
sin2�� and 2� cos2’�, respectively. The observed angu-
lar distributions from e�e� ! �� data are consistent with
the above expectation but the constraints on these angular
distributions are limited by statistics.

The systematic uncertainty from the two-dimensional fit
is estimated from the difference in yield obtained by float-
ing the mean, width, and resolution parameters in the fit.
The systematic uncertainties due to PID, tracking, and
photon efficiency are estimated based on measurements
from control data samples. The possible background from
related modes with an extra �0 was estimated to be small
(< 1%) by using extrapolations from statistically limited
four-particle mass sidebands and we ignore it. The system-
atic uncertainties are summarized in Table I.

The radiation-corrected cross section for e�e� ! �� is
calculated from:

 ��
NObserved

L�B��!KK� �B��! ��� � "MC� �1� 	�

(2)

where NObserved is the extracted number of �� signal
events from on- and off-resonance data, L is the integrated
luminosity, B��! KK� is the branching fraction of �!
KK, B��! ��� is the branching fraction of �! ��,
"MC is the signal efficiency obtained from Monte Carlo
simulation (MC), and 	 is the radiation correction calcu-
lated according to Ref. [18]. We obtain �1� 	� � 0:768.
The uncertainties due to the theoretical model and the s
dependence are negligible. The signal MC events are gen-
erated uniformly in phase space. For the determination of
signal cross sections, the MC cos��, cos�� and ’� distri-
butions are reweighted using Eq. (1). The signal efficiency
in the fiducial region of j cos��j< 0:8 for �� without
radiative correction is estimated to be 34.3%, including
corrections to MC simulation for PID and tracking. Taking
the branching fraction of �! K�K� as 49.1%, and �!
�� as 39.4% [16], the final radiation-corrected cross sec-
tion for 1:008<m� < 1:035 GeV=c2 within j cos��j<

0:8 near
���
s
p
� 10:58 GeV is:

 �fid�e
�e� ! ��� � 2:1� 0:4�stat� � 0:1�syst� fb:

The cross section within cos�� 2 
�0:8; 0:8� can be scaled
to cos�� 2 
�1:0; 1:0� by assuming a 1� cos2�� distribu-
tion to obtain:

 ��e�e� ! ��� � 2:9� 0:5�stat� � 0:1�syst� fb:

To study the possibility that the observed signal is due to
��4S� decay, we scale the off-resonance signal to the on-
resonance luminosity, and subtract it from the on-
resonance signal. The resulting number of events, �10�
21, is consistent with zero. The corresponding branching
fraction for ��4S� ! �� is ��0:9� 1:8� � 10�6.
Assuming this uncertainty can be treated as Gaussian and
normalizing to the physical region ( � 0), the 90% con-
fidence level upper limit is 2:5� 10�6.

There is currently no direct prediction for the cross
section of this process at this energy, but the e�e� ! VP
cross section is expected to have 1=s4 [10,11] dependence
in QCD-based models.. A comparison between our result
and that of CLEO, (� � 2:1�1:9

�1:2 � 0:2 pb) at
���
s
p
�

3:67 GeV (continuum) [8], favors a 1=s3 dependence
(Fig. 4). We quantify the degree to which 1=s4 scaling is
disfavored by scaling our measured cross section in this
fashion to

���
s
p
� 3:67 GeV, and comparing it to the CLEO

measurement. Note, however, that if CLEO did have a
downward statistical fluctuation, both their central value
and their uncertainty would be low. Accordingly, the un-
certainty we use in this comparison is the CLEO one scaled
by the square root of the ratio, 2.6, of the predicted to the
observed cross sections. The resulting disagreement with
1=s4 scaling is approximately 2 standard deviations.

The form of the s dependence has important theoretical
implications, which may affect a wide range of QCD-based
processes such as e�e� ! VP [10], exclusive hadronic B
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(black) or 1=s4 (red) energy dependence. The bands show 1
standard deviation uncertainties in the extrapolations. The CLEO
measurement at
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TABLE I. Systematic uncertainties on the cross section of ��.

Source Systematic uncertainty %

Photon efficiency 3.6
Two-dimensional fit 1.3
Particle Identification 3.0
Tracking efficiency 2.6
Luminosity 2.0
Total 6.0
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decays [19], and charmonium decays [20]. The large
initial-state radiation sample at the B factories can
provide another route to test the s dependence over a wider
energy range. A direct comparison of the absolute cross
section with a possible theoretical calculation [9] is also
interesting.

In summary, we have observed the exclusive production
of �� in e�e� interactions at

���
s
p
� 10:58 GeV.

Combining with CLEO’s measurement and interpreting
our result as continuum production, the measured�� cross
section favors 1=s3 dependence, which is in conflict with
some QCD-based predictions. The 90% confidence level
upper limit on the branching fraction B���4S� ! ��� is
2:5� 10�6.
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