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60bDipartimento di Fisica, Università di Perugia, I-06100 Perugia, Italy

61aINFN Sezione di Pisa, I-56127 Pisa, Italy
61bDipartimento di Fisica, Università di Pisa, I-56127 Pisa, Italy
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75aINFN Sezione di Trieste, I-34127 Trieste, Italy

75bDipartimento di Fisica, Università di Trieste, I-34127 Trieste, Italy
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We report the first observation of eþe� ! �þ��, in a data sample of 379 fb�1 collected with the

BABAR detector at the PEP-II eþe� storage ring at center-of-mass energies near
ffiffiffi
s

p ¼ 10:58 GeV. We

measure a cross section of �ðeþe� ! �þ��Þ ¼ 8:3� 0:7ðstatÞ � 0:8ðsystÞ fb within the range of

j cos��j< 0:8 and j cos��j< 0:85, where �� is the center-of-mass polar angle of the �� meson and

�� are the angles in the �� rest frame between the direction of the boost from the laboratory frame and the

direction of the ��. Assuming production through single-photon annihilation, there are three independent

helicity amplitudes. We measure the ratios of their squared moduli to be jF00j2:jF10j2:jF11j2 ¼
0:51� 0:14ðstatÞ � 0:07ðsystÞ:0:10� 0:04ðstatÞ � 0:01ðsystÞ:0:04� 0:03ðstatÞ � 0:01ðsystÞ. The jF00j2
result is inconsistent with the prediction of 1.0 made by QCD models with a significance of 3.1 standard

deviations including systematic uncertainties.

DOI: 10.1103/PhysRevD.78.071103 PACS numbers: 13.66.Bc, 13.25.�k, 14.40.Ev

The exclusive production of J= �c and other double-
charmonium vector-pseudoscalar (VP) pairs in eþe� col-
lisions around the �ð4SÞ mass (

ffiffiffi
s

p � 10:58 GeV) is ob-
served [1,2] at rates approximately 10 times larger than the
rates expected from QCD-based models [3]. Various theo-
retical efforts have been made to resolve the discrepancy
[4]. Measurements of the process eþe� ! �� [5] provide
information on the eþe� ! VP process in the strange
quark sector. Study of the vector-vector (VV) process
eþe� ! �þ�� can provide complementary information
and test perturbative QCD at the amplitude level [6]
through investigation of the VV angular distributions.

The charge-conjugation (C) even final states �0�0 and
��0 are produced through the eþe� two–virtual-photon
annihilation (TVPA) process [7–9]. For �þ��, C can be
either positive or negative. However, due to the particles’
charges, the eþe� ! �þ�� process is unlikely to occur
via TVPA unless there is either significant final quark
recombination between the products of the two virtual
photons or final-state interactions (FSI) [10]. Assuming
production through single-photon annihilation or �ð4SÞ
decay, the VV final state can be described with three
independent helicity amplitudes. Any discrepancy between
the amplitudes predicted by perturbative QCD and the
experimental measurement might indicate contributions
from mechanisms such as FSI. Such discrepancies could
help one to better understand the importance of FSI effects
in B! VV decays [11].

This analysis uses 343 fb�1 of eþe� data collected on
the �ð4SÞ resonance at 10.58 GeV and 36 fb�1 collected
40 MeV below (off-resonance) with the BABAR detector at
the SLAC PEP-II asymmetric-energy B factory. The
BABAR detector is described in detail elsewhere [12].

Charged-particle momenta and energy loss are measured
in the tracking system, which consists of a silicon vertex
tracker (SVT) and a helium-isobutane drift chamber
(DCH). Electrons and photons are detected in a CsI (Tl)
calorimeter (EMC). Charged pion candidates are identified
using likelihoods of specific ionization in the SVT and
DCH, and of Cherenkov angle and photon counts measured
in an internally reflecting ring-imaging Cherenkov detec-
tor. Photons are identified by clusters of energy deposited
in the EMC that have shapes consistent with an electro-
magnetic shower. The clusters are required to be isolated,
i.e., geometrically unassociated with charged tracks.
To form the �þ�� final state, we select events with

exactly two well-reconstructed, oppositely charged ��
and at least two well-reconstructed �0 candidates. We
require the �� candidates to have at least 12 DCH hits
and a laboratory polar angle well within the SVT accep-
tance of 0:41< �< 2:54 radians. The laboratory trans-
verse momenta of the �� candidates are required to be
greater than 100 MeV=c. The two charged tracks must
both be identified as pions. We fit the two charged tracks
to a common vertex, and require the �2 probability to
exceed 0.1%.
The photon candidates used to reconstruct�0 candidates

are required to have a minimum laboratory energy of
100 MeV. The invariant masses of the candidate photon
pairs are required to be within ½0:1; 0:16� GeV=c2. The
masses of �0 candidates are then constrained to the world
average value [13].
The �� candidates are formed by combining a ��

candidate with a �0 candidate. The production angle ��
is defined as the angle between the �þ meson direction and
the incident e� beam in the eþe� center of mass. The ��
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helicity angles �� are defined as the angles in the �� rest
frame between the direction of the boost from the labora-
tory frame and the direction of the ��. We require

j cos��j< 0:8 and j cos��j< 0:85 because there is low
signal efficiency outside this fiducial region.
Figure 1 shows the scatter plot of the invariant mass

m�þ�0���0 versus the absolute momentum difference j�pj
in the laboratory frame between the�þ�0���0 and initial
eþe� systems after requiring the ���0 masses to be less
than 1:5 GeV=c2. The last requirement eliminates a two-
fold ambiguity in forming the �� candidates. A few per-
cent of the events have more than one �þ or �� candidate
because of multiple �0’s. All candidates are kept.
We accept events from within the rectangular area in-

dicated in Fig. 1 (jm�þ�0���0 � ffiffiffi
s

p j< 0:28 GeV=c2 and
j�pj< 0:2 GeV=c). There are a total of 612 candidates
from 591 events in the �ð4SÞ (542 candidates) and off-
resonance (70 candidates) samples combined. Figure 2
shows the scatter plot of the invariant masses of �þ�0

and ���0 pairs from the accepted candidates. The con-
centration of candidates in the �þ�� mass range indicates
�þ�� production.
We use a two-dimensional maximum likelihood fit to

extract the signal for eþe� ! �þ��. Since the final-state
particle masses are far below the eþe� collision energy, we
treat the two-body masses as uncorrelated. The signal
probability density function (PDF) is constructed as a
product of two identical one-dimensional PDFs for �þ
and ��. We use a P-wave relativistic Breit-Wigner for-
mula to construct the PDF for the �� resonance:

FðmÞ / m�ðmÞ
ðm2

0 �m2Þ2 þm2
0�

2ðmÞ ;

�ðmÞ ¼ �0

�
q

q0

�
3
�
m0

m

��
1þ q20R

2

1þ q2R2

�
;

(1)

where m is the observed pion-pair mass, � is the mass-
dependent � width, and q is the absolute value of the pion
candidate momentum in the � candidate rest frame. The 0
subscript indicates the value at the central mass of the �
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FIG. 1 (color online). Scatter plot of m�þ�0���0 vs j�pj
between the �þ�0���0 and initial eþe� systems for the on-
resonance data.
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events in the combined data.
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FIG. 3 (color). The invariant mass projections (a) m�þ�0 (m���0 < 1:5 GeV=c2) and (b) m���0 (m�þ�0 < 1:5 GeV=c2) for accepted
events in the combined data. The blue-dashed line is the residual linear background, the red dot-dashed line adds (a) �þ���0 and
(b) ���þ�0, and the blue-dotted line includes both �þ���0 and ���þ�0. The red solid line adds the signal.
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resonance. R is the Blatt-Weisskopf damping radius, which
we set to 3 ðGeV=cÞ�1 [14,15].

A threshold function q3=ð1þ q3�Þ is used to model the
background in the �����0 system, where � is a shape
parameter. We use a linear function to model the residual
two-dimensional background:

Bðm�þ�0 ; m���0Þ ¼ 1þ aðm�þ�0 �MÞ þ aðm���0 �MÞ;
(2)

where a is a floating parameter and M ¼ 0:89 GeV=c2 is
the midpoint of the ���0 invariant mass range used in the
fit.

In the fit to the data, we fix the mass and width of the ��
to the world average values [13]. The parameters varied in
the fit are� [�ð�þ�0Þ ¼ �ð���0Þ], a, and the numbers of

events for the four components: �þ��, �þ���0,
���þ�0, and the residual background. The mass projec-
tions onm�þ�0 andm���0 from the two-dimensional fit are
shown in Fig. 3. The extracted number of �þ�� signal
events is 357� 29, with 329� 25 in the �ð4SÞ resonance
sample and 31� 14 in the off-resonance sample.
Assuming that the �þ�� is produced through a JPC ¼

1�� object [a single photon or �ð4SÞ], and that C and
parity P are conserved, there are three independent com-
plex helicity amplitudes, F00, F10, and F11, where the
indices indicate the helicities of the � mesons. F10 ¼
F�10 ¼ F0�1, F11 ¼ F�1�1, and F1�1 ¼ F�11 ¼ 0 due
to angular momentum conservation [16]. The angular dis-
tribution of �þ�� decay products can be expressed as

dN

d cos��d cos�þd’þd cos��d’�
/ jAþ1j2 þ jA�1j2;

A�1 ¼ sin�� cos�þ cos��jF00j þ sin�� sin�þ sin�� cosð’þ þ ’�ÞjF11jei’11

þ 1

2
sin�þ cos��½�ð1� cos��Þei’þ � ð1� cos��Þe�i’þ�jF10jei’10

þ 1

2
cos�þ sin��½�ð1� cos��Þei’� � ð1� cos��Þe�i’��jF10jei’10 ; (3)

where ’� is the azimuthal angle that corresponds to the
helicity (polar) angle �� defined above. In this coordinate
system, the incoming electron direction has an azimuthal
angle ’� of zero. The angles ’11 and ’10 are the strong
phases of the amplitudes. Because of limited statistics, we
examine only the projections and thus lose sensitivity to
these phases.

The one-dimensional angular distributions are obtained
from Eq. (3) by integrating over all other angles. When
integrating over the full/fiducial angular ranges, the results
are

dN

d cos��
/ sin2��jF00j2 þ f1ð1þ cos2��ÞjF10j2

þ f2sin
2��jF11j2; (4)

dN

d cos��
/ cos2��jF00j2 þ ðf3 þ f4cos

2��ÞjF10j2

þ f5sin
2��jF11j2; (5)

dN

d’�
/ jF00j2 þ ðf6 � f7 cos2’�ÞjF10j2 þ f2jF11j2;

(6)

where the constants fn for full/fiducial ranges are given in
the first/second row of Table I.

To determine the amplitude factors, we perform fits of
Eqs. (4)–(6) to the data. The fits are performed in the
fiducial region j cos��j< 0:8 and j cos��j< 0:85; there-
fore, we use values in the second row of Table I for the
constant fn.

We use the sPlot [17] technique to subtract backgrounds
in the measured angular distributions. This technique as-
signs a weight to each event (sWeight) for each category to
which it might belong. The sWeights are obtained from the
2D fit to the m���0 versus m�þ�0 distribution. We subdi-
vide cos�� and cos�� into bins and produce an efficiency
table from a phase-space-based Monte Carlo (MC) simu-
lation. The event weight is given by the sWeight divided by
the efficiency.
The background-subtracted and efficiency-corrected

distributions for cos��, ’�, and cos�� are shown in
Fig. 4. We perform a simultaneous fit of Eqs. (4)–(6) to
the five angular distributions, assuming there are no corre-
lations between the variables. We return to the issue of
correlations when we discuss systematic uncertainties. In
the fit, the amplitudes are constrained to satisfy jF00j2 þ
4jF10j2 þ 2jF11j2 ¼ 1, since there are one F00, four F10,
and two F11 amplitude components. The free parameters
in the fit are jF00j2, jF10j2, and the total number of events.
The value and error of jF11j2 are derived from the fit
result and its full covariance matrix using F11 ¼ 1

2 �ð1� jF00j2 � 4jF10j2Þ. The normalized amplitudes are

TABLE I. Constants in Eqs. (4)–(6).

Integrated region f1 f2 f3 f4 f5 f6 f7

Full range 2 2 1 1 1 4 1

Fiducial region 3.15 4.97 0.77 1.66 1.58 6.44 3.15
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jF00j2:jF10j2:jF11j2¼0:51�0:14ðstatÞ�0:07ðsystÞ:0:10�
0:04ðstatÞ�0:01ðsystÞ:0:04�0:03ðstatÞ�0:01ðsystÞ.

To determine the significance of the result and the
systematic errors in the fitting procedure, we performed
fits to multiple sets of events generated according to Eq. (3)
(toy MC). These studies allow us to assess biases that arise
because of correlations. We find the biases in the fitted
ratios of squared moduli to be less than 0.002, which are
included in the systematic errors. Most of these biases are
due to the imperfect MC efficiency corrections that result
from the coarse bin size of the efficiency table. The statis-
tical uncertainties are scaled using the RMS of the pull
distributions from the toy MC study. The fitter underesti-
mates the statistical uncertainties by approximately 6%.
Other sources of systematic error, such as some of those

described below for the cross section, have little depen-
dence on angle, and thus are expected to be relatively
small. We neglect them.
The measured value of jF00j2 deviates from 1.0, the

value predicted by perturbative QCD at leading twist [6],
i.e., up to power-suppressed contributions of order
�2

QCD=s. From the toy MC studies, we determine the

statistical probability for this deviation to be less than 1
in 3000 experiments, corresponding to 3.4 standard devia-
tions. Including systematic uncertainties, the significance
is 3.1 standard deviations. This suggests that the production
may not be dominated by single-photon annihilation as
naively expected.
The cross section, including radiative corrections, for

eþe� ! �þ�� is calculated from
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FIG. 4 (color). The background-subtracted (sWeighted) and efficiency-corrected (a) cos�þ, (b) cos��, (c) ’þ, (d) ’�, and (e) cos��
distributions. The magenta dashed line is the contribution from the F00 component, the blue-dotted line is for the F10 component, the
blue dot-dashed line is for the F11 component, and the red solid line is the total fit function.
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� ¼ N

L� "� ð1þ 	Þ ; (7)

where N is the number of �þ�� signal events extracted
from the combined data, L is the integrated luminosity,
and " is the signal efficiency obtained from MC simulation
that uses the fully differential angular distribution derived
from the results of the form factor fit. The �þ�� signal
efficiency in the fiducial region, without radiative correc-
tions, is estimated to be 15.0%. The correction for initial
state radiation, 1þ 	, is calculated according to Ref. [18]
and has the value 0.775. Assuming single-photon produc-
tion, the radiatively corrected cross section near

ffiffiffi
s

p ¼
10:58 GeV for m�� < 1:5 GeV=c2 and within j cos��j<
0:8, j cos��j< 0:85 is 8:3� 0:7ðstatÞ � 0:8ðsystÞ fb.
Using Eq. (3), we can scale the cross section from our
acceptance to the full angular ranges, which gives 19:5�
1:6ðstatÞ � 3:2ðsystÞ fb, where the systematic error in-
cludes �1:7 fb due to the effect of the uncertainties in
the amplitudes on the extrapolation.

To study the possibility that the observed signal arises
from �ð4SÞ ! �þ�� 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,
35� 135, is consistent with zero. The corresponding
branching fraction for �ð4SÞ ! �þ�� is ð8:1� 29:0Þ �
10�7. The systematic errors, which may be estimated from
those given below for the cross section, are negligible for
this branching fraction measurement. Restricting possible
results to the physical region ð� 0Þ, the Bayesian 90%
confidence level upper limit is 5:7� 10�6.

The systematic uncertainty on the eþe� ! �þ�� cross
section, due to uncertainties in the angular distribution fit,
is estimated by varying the amplitude values. The system-
atic uncertainty from the two-dimensional fit is estimated
from the difference in yield obtained by allowing the mean
and width of the � resonance mass to vary in the fit. The
systematic uncertainties due to �� identification, tracking,
and �0 efficiency are estimated based on measurements
from control data samples. The possible background from
related modes with extra particles is estimated by using
extrapolations from four-particle mass sidebands. The sys-
tematic uncertainties are summarized in Table II.

In summary, we have presented the first observation of
the exclusive production of �þ�� in eþe� interactions
near

ffiffiffi
s

p ¼ 10:58 GeV and measured the relative ampli-
tudes of the three helicity components. We measured its
fiducial cross section of �ðeþe� ! �þ��Þ ¼ 8:3�
0:7ðstatÞ � 0:8ðsystÞ fb within the range of j cos��j< 0:8
and j cos��j< 0:85. Assuming production through single-
photon annihilation, the cross section is calculated to be
�ðeþe� ! �þ��Þ ¼ 19:5� 1:6ðstatÞ � 3:2ðsystÞ fb in
the full range. The 90% confidence level upper limit on
the branching fraction Bð�ð4SÞ ! �þ��Þ is 5:7� 10�6.
Our result for the jF00j2 amplitude is inconsistent by 3.1
standard deviations with QCD models that assume single-
photon production, however, indicating that other mecha-
nisms such as TVPA with FSI may be important.
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