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We report the first observation of e"e™ — pTp~, in a data sample of 379 fb~! collected with the
BABAR detector at the PEP-II eTe™ storage ring at center-of-mass energies near /s =10.58 GeV.
We measure a cross section of o(ete™— ptp~)=19.541.6(stat) +3.2(syst) fb. Assuming production



through single-photon annihilation, there are three independent helicity amplitudes. We measure
the ratios of their squared moduli to be |Foo|? : |Fiol® : |Fi1]* = 0.51 £ 0.14(stat) & 0.07(syst) :
0.10 4 0.04(stat) 4 0.01(syst) : 0.04 + 0.03(stat) & 0.01(syst). The |Fno|? result is inconsistent with
the prediction of 1.0 made by QCD models with a significance of 3.1 standard deviations including

systematic uncertainties.

PACS numbers: 13.66.Bc, 13.25.-k, 14.40.Ev

The exclusive production of J/¢n. and other double-
charmonium vector-pseudoscalar (VP) pairs in ete™ col-
lisions around the 7°(45) mass (v/s = 10.58 GeV) is ob-
served [1, 2] at rates approximately ten times larger than
the rates expected from QCD-based models [3]. Various
theoretical efforts have been made to resolve the discrep-
ancy [4]. Measurements of the process ete™ — ¢n [5]
provide information on the ete™ — VP process in the
strange quark sector. Study of the vector-vector (VV)
process eTe~™ — pTp~ can provide complementary in-
formation and test perturbative QCD at the amplitude
level [6] through investigation of the VV angular distri-
butions.

The charge-conjugation (C) even final states p°p° and
¢p° are produced through ete™ two-virtual-photon an-
nihilation (TVPA) [7-9]. For p*p~, C can be either pos-
itive or negative. However, due to the particles’ charges,
the eTe™ — pTp~ process is unlikely to occur via TVPA
unless there is either significant final quark recombina-
tion between the products of the two virtual photons or
final-state interactions (FSI) [10]. Assuming production
through single-photon annihilation or 7°(4S) decay, the
VV final state can be described with three independent
helicity amplitudes. Any discrepancy between the am-
plitudes predicted by perturbative QCD and the exper-
imental measurement might indicate contributions from
mechanisms such as FSI. Such discrepancies could help
to better understand the importance of FSI effects in
B — VV decays [11].

This analysis uses 343 fb™! of ete™ data collected on
the 7'(4S5) resonance at 10.58 GeV and 36 fb~! collected
40 MeV below (off-resonance) with the BABAR detec-
tor 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 ver-
tex tracker (SVT) and a helium-isobutane drift chamber
(DCH). Electrons and photons are detected in a CsI(T1)
calorimeter (EMC). Charged pion candidates are identi-
fied using likelihoods of specific ionization in the SVT and
DCH, and of Cherenkov angle and photon counts mea-
sured in an internally reflecting ring-imaging Cherenkov
detector. Photons are identified by clusters of energy
deposited in the EMC that have shapes consistent with
an electromagnetic shower. The clusters are required to
be isolated, i.e., geometrically unassociated with charged
tracks.

To form the pTp~ final state, we select events with ex-

actly two well-reconstructed oppositely-charged 7+ and
at least two well-reconstructed 7° candidates. We require
the 7+ candidates to have at least 12 DCH hits and a
laboratory polar angle well within the SVT acceptance
of 0.41 < 6 < 2.54 radians. The laboratory transverse
momenta of the 7+ 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 x2 probability to exceed
0.1%.

The photon candidates used to reconstruct 7° candi-
dates are required to have a minimum laboratory energy
of 100 MeV. The invariant masses of the candidate pho-
ton pairs are required to be within [0.1, 0.16] GeV/c?.
The masses of 7° candidates are then constrained to the
world average value [13].

The p* candidates are formed by combining a 7+ can-
didate with a 7° candidate. The production angle 6* is
defined as the angle between the p™ meson direction and
the incident e~ beam in the ete™ center-of-mass. The
p* helicity angles 61 are defined as the angles in the p*
rest frame between the direction of the boost from the
laboratory frame and the direction of the 7+. We re-
quire | cos#*| < 0.8 and |cosf1| < 0.85 because there is
low signal efficiency outside this fiducial region.

+

Figure 1 shows the scatter plot of the invariant mass
Myt 0x—70 versus the absolute momentum difference
|Ap| in the laboratory frame between the 7T 7%~ 70 and
initial ete™ systems after requiring the 7+7° masses to
be less than 1.5 GeV/c?. The last requirement eliminates
a twofold ambiguity in forming the p* candidates. A few
per cent of the events have more than one p* or p~ can-
didate because of multiple 7°’s. All candidates are kept.

We accept events from within the rectangular area in-
dicated in Fig. 1 (|mytr05-ro — /8| < 0.28 GeV/c? and
|Ap| < 0.2 GeV/c). There are a total of 612 candidates
from 571 events in the 7°(45) and off-resonance samples
combined. Figure 2 shows the scatter plot of the invari-
ant masses of 7179 and 7~ 7% pairs from the accepted
candidates. The concentration of candidates in the pTp~
mass range indicates p*p~ production.

We use a two-dimensional maximum likelihood fit to
extract the signal for eTe™ — pTp~. Since the final state
particle masses are far below the ete™ collision energy,
we treat the two-body masses as uncorrelated. The sig-
nal probability density function (PDF) is constructed as
a product of two identical one-dimensional PDFs for p*
and p~. We use a P-wave relativistic Breit-Wigner for-
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mula to construct the PDF for the p* resonance:

mI'(m)
(mo2 —m?2)2 + mo2I'2(m)’

3 2 P2
I'(m) =T <£> (@) (—1 - qu2'> ;

qo m/ \14+¢*R
where m is the observed pion-pair mass, I' is the mass-
dependent p width, and ¢ is the absolute value of the
pion candidate momentum in the p candidate rest frame.
The 0 subscript indicates the value at the central mass
of the p resonance. R is the Blatt-Weisskopf damping

radius, which we set to 3 (GeV/c)~1[14, 15].

A threshold function ¢/(1+¢3a) is used to model the
background in the pTn* 7% system, where « is a shape
parameter. We use a linear function to model the residual
two-dimensional background:

F(m) x

(1)

B(mw"'ﬂ'oamw—wo) = 1+a‘(m7r+7r0 _M)+a’(mw—w0 _M)a

(2)

where a is a floating parameter, and M = 0.89 GeV/c? is
the midpoint of the 7*7° invariant mass range used in
the fit.

In the fit to the data, we fix the mass and width of the
p* to the world average values [13]. The parameters var-
ied in the fit are: o [a(7t70)=a(r~7")], a, and the num-
bers of events for the four components: p*p~, pta— 70,
p~ntnY, and the residual background. The mass pro-
jections on M +,0 and m -0 from the two-dimensional
fit are shown in Fig. 3. The extracted number of pTp~
signal events is 357 + 29, with 329 & 25 in the 7'(45) res-
onance sample and 31 + 14 in the off-resonance sample.

Assuming that the pTp~ is produced through a JF¢ =
17~ object (a single-photon or 7°(45)), and that C and
parity P are conserved, there are three independent com-
plex helicity amplitudes, Fyg, Fig, and Fii, where the
indices indicate the helicities of the p mesons. Fjy =
Fii9 = Fot1, F11 = F 1.1, and F1_ 1 = F_1; = 0 due
to angular momentum conservation [16]. The angular
distribution of pTp~ decay products can be expressed
as:

dN

AP+ A2
dcos 0*dcos 0, dpydcosl_dp_ o [ A [T 4 [A ],

At = sinf* cos 0 cosf_|Fyol
+sin0* sin 6 sinf_ cos(py + @_ )| Fiq e

1 .
—1—5 sin 04 cosO_ (£(1 F cos 0*)e*F+

(
F(1 4 cos 0 )e"+)| Frp|etero
1 A
+§ cos 64 sinf_ (+(1 F cos 0)e*Y~
F(1 4 cos0*)e )| Figle™o, (3)

where @4 is the azimuthal angle that corresponds to the
helicity (polar) angle 4 defined above. In this coordinate
system, the incoming electron direction has an azimuthal
angle @y of zero. The angles p17 and @19 are the strong
phases of the amplitudes. Due to limited statistics, we
examine only the projections and thus lose sensitivity to
these phases.

The one-dimensional angular distributions are ob-
tained from Eq. (3) by integrating over all other angles.
When integrating over the full angular range, the results
are

dN
d cos 0*
+£1(1 4 cos? 0%)| Fio|? + fo sin? 0*|Fi1|? (4)

o sin? 6*| Foo |2

dN
dcos By

+(f3 + facos? 01)|Fio|? + fssin® 04 |[Fis|® ,  (5)

o cos? O | Foo|?

dN

dos x [Fool® + (fo — frcos2p4)|Fiol* + fo| Fia|?, (6)
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FIG. 3: The invariant mass projections a) m, .+ .0 (M,-0 < 1.5 GeV/c?) and b) m -0 (Mm,+.0 < 1.5 GeV/c?) for accepted
events in the combined data. The blue-dashed line is the residual linear background, the red dot-dashed line adds a) prn w0,
b) p~n 7%, and the blue-dotted line includes both p*7~ 7% and p~ 7" 7% The red solid line adds the signal.

where the constants f,, are given in the first row of Ta-
ble I.

TABLE I: Constants in equations 4, 5, and 6.

Integrated region f1  fo fs fi fs feo fr
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

To determine the amplitude factors, we perform fits
of Egs. 4, 5, and 6 to the data. The fits are performed
in the fiducial region |cos#*| < 0.8 and |cosf| < 0.85.
Limiting the integration to this fiducial region yields the
constants shown in the second row of the table.

We use the sPlot [17] technique to subtract back-
grounds in the measured angular distributions. This
technique assigns 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 - o versus m + o
distribution. We subdivide cosf#* and cosf+ into bins
and produce an efficiency table from a phase-space-based
Monte Carlo (MC) simulation. The event weight is given
by the sWeight divided by the efficiency.

The background-subtracted and efficiency-corrected
distributions for cos#*, ¢4, and cosfy are shown in
Fig. 4. We perform a simultaneous fit of Eqgs. 4, 5,
and 6 to the five angular distributions, assuming there
are no correlations between the variables. We return to
the issue of correlations when we discuss systematic un-
certainties. In the fit, the amplitudes are constrained
to satisfy |Fopo|? + 4|Fio|? + 2|F11)?> = 1, since there are
one Fyg, four Fip and two Fj; amplitude components.
The free parameters in the fit are |Foo|?, |F10]? and the
overall normalization. The value and error of |Fj;|? is

derived from the fit result and its full covariance ma-
trix using Fi; = (1 — |Fpol® — 4|F10]?). The normal-
ized amplitudes are: |Fool? : |Fiol? : |Fi1]?> = 0.51 &
0.14(stat) £ 0.07(syst) : 0.10 & 0.04(stat) £ 0.01(syst) :
0.04 £ 0.03(stat) & 0.01(syst).

To determine the significance of the result and the sys-
tematic 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 fit-
ted ratios of squared moduli to be less than 0.002, which
are included in the systematic errors. Most of these bi-
ases are due to the imperfect MC efficiency corrections
that result from the coarse bin size of the efficiency table.
The statistical uncertainties are scaled using the RMS of
the pull distributions from the toy MC study. The fitter
underestimates the statistical uncertainties by approxi-
mately 6%. Other sources of systematic error, such as
some of those described below for the cross section, have
little dependence on angle, and thus are expected to be
relatively small. We neglect them.

The measured value of |Fypg|? deviates from 1.0, the
value predicted by QCD models [6]. From the toy MC
studies, we determine the statistical probability for this
deviation to be less than 1 in 3000 experiments, corre-
sponding to 3.4 standard deviations. Including system-
atic uncertainties, the significance is 3.1 standard devi-
ations. This suggests that the production may not be
dominated by single-photon annihilation as naively ex-
pected.

The cross section, including radiative corrections, for
ete™ — ptp~ is calculated from

N
T Lxex (110’ @

where N is the number of p™p~ signal events extracted



from the combined data, £ is the integrated luminosity,
and ¢ is the signal efficiency obtained from MC simu-
lation that uses the fully differential angular distribu-
tion derived from the results of the form factor fit. The
ptp~ signal efficiency in the fiducial region, without ra-
diative corrections, is estimated to be 15.0%. The cor-
rection for initial state radiation, 1 4 4, is calculated ac-
cording to Ref. [18] and has the value 0.775. Assum-
ing single-photon production, the radiatively corrected
cross section near /s = 10.58 GeV for m,+ < 1.5
GeV/c? and within |cos@*| < 0.8, |cosfs| < 0.85 is
8.3 £ 0.7(stat) £ 0.8(syst) fb. Using Eq. 3, we can scale
the cross section from our acceptance to the full angular
ranges, which gives 19.5 & 1.6(stat) £ 3.2(syst) fb, where
the systematic error includes £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 7(4S) — pTp~ 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 cor-
responding branching fraction for 7(4S) — pTp~ is
(8.1 £29.0) x 10~". The systematic errors, which may
be estimated from those given below for the cross sec-
tion, are negligible for this branching fraction measure-
ment. Restricting possible results to the physical region
(> 0), the Bayesian 90% confidence level upper limit is
5.7 x 1076,

The systematic uncertainty on the ete™ — pTp~ cross
section, due to uncertainties in the angular distribution
fit, is estimated by varying the amplitude values. The
systematic uncertainty from the two-dimensional fit is es-
timated from the difference in yield obtained by allowing
the mean and width of the p resonance mass to vary in
the fit. The systematic uncertainties due to 7% identifi-
cation, tracking, and ¥ efficiency are estimated based on
measurements from control data samples. The possible
background from related modes with extra particles is es-
timated by using extrapolations from four-particle mass
sidebands. The systematic uncertainties are summarized
in Table II.

TABLE II: Systematic uncertainties on the fiducial region
cross section of ete™ — pTp~.

Source Systematic uncertainty %
Amplitude fit 5.2
Two-dimensional fit 2.0
Particle Identification 2.3
Tracking efficiency 1.0
70 efficiency 6.0
pTp~ + X feed-down 4.9
Luminosity 2.0
Radiative corrections 1.0
Total 10.0
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FIG. 4: The background-subtracted (sWeighted) and

efficiency-corrected a) cosfy b) cosf_ ¢) p4 d) p— and e)
cos 0" distributions. The magenta dashed line is the contri-
bution from the Fyo component, the blue dotted line is for
the Fip component, the blue dot-dashed line is for the Fi;
component, and the red solid line is the total fit function.

In summary, we have presented the first observation
of the exclusive production of pTp~ in ete™ interac-
tions near /s = 10.58 GeV and measured the relative
amplitudes of the three helicity components. Assum-
ing production through single-photon annihilation, the
cross section is measured to be o(ete™—ptp~)=19.5 +
1.6(stat) £ 3.2(syst) fb. The 90% confidence level up-
per limit on the branching fraction B(Y'(4S) — ptp~) is
5.7 x 1075, Our result for the |Fyo|? amplitude is incon-
sistent by 3.1 standard deviations with the predictions of
QCD models that assume single-photon production, how-
ever, indicating that other mechanisms such as TVPA
with FSI may be important.

We are grateful for the excellent luminosity and ma-
chine conditions provided by our PEP-II colleagues, and
for the substantial dedicated effort from the comput-
ing organizations that support BABAR. We wish to
thank S. Brodsky, A. Goldhaber, and L. Dixon for help-
ful discussions. The collaborating institutions wish to
thank SLAC for its support and kind hospitality. This
work is supported by DOE and NSF (USA), NSERC
(Canada), CEA and CNRS-IN2P3 (France), BMBF and
DFG (Germany), INFN (Italy), FOM (The Netherlands),
NFR (Norway), MES (Russia), MEC (Spain), and STFC



(United Kingdom). Individuals have received support
from the Marie Curie EIF (European Union) and the
A. P. Sloan Foundation.

Deceased

Now at Temple University, Philadelphia, Pennsylvania

19122, USA

Now at Tel Aviv University, Tel Aviv, 69978, Israel

Also with Universita di Perugia, Dipartimento di Fisica,

Perugia, Italy

¥ Also with Universitd di Roma La Sapienza, I-00185
Roma, Italy

** Now at University of South Alabama, Mobile, Alabama
36688, USA

1 Also with Universita di Sassari, Sassari, Italy

[1] K. Abe et al. (Belle Collaboration), Phys. Rev. Lett. 89,
142001 (2002); K. Abe et al. (Belle Collaboration), Phys.
Rev. D 70, 071102 (2004).

[2] B. Aubert et al. (BABAR Collaboration), Phys. Rev. D
72, 031101 (2005).

[3] E. Braaten and J. Lee, Phys. Rev. D 67, 054007 (2003),
[Erratum-ibid. D 72, 099901 (2005)]; K. Y. Liu, Z. G. He
and K. T. Chao, Phys. Lett. B 557, 45 (2003).

[4] A. E. Bondar and V. L. Chernyak, Phys. Lett. B 612,

215 (2005); G. T. Bodwin, D. Kang and J. Lee, Phys.

Rev. D 74, 114028 (2006); Y. Zhang, Y. Gao, and K. T.

Chao, Phys. Rev. Lett. 96, 092001 (2006); G. T. Bodwin,

D. Kang, T. Kim, J. Lee, and C. Yu, AIP Conf. Proc.

892, 315 (2007); G. T. Bodwin, J. Lee, and C. Yu,

—+

w A

Phys. Rev. D 77, 094018 (2008).

[5] B. Aubert et al. (BABAR Collaboration), Phys. Rev. D
74, 111103(R) (2006).

[6] G. P. Lepage and S. J. Brodsky, Phys. Rev. D 22, 2157
(1980); S. J. Brodsky and G. P. Lepage, Phys. Rev. D
24, 2848 (1981); V. Chernyak, arXiv:hep-ph/9906387;
V. L. Chernyak and A. R. Zhitnitsky, Phys. Rept. 112,
173 (1984).

[7] B. Aubert et al. (BABAR Collaboration), Phys. Rev. Lett.
97, 112002 (2006).

[8] M. Davier, M. Peskin, and A. Snyder, arXiv:hep-
ph/0606155.

[9] G. T. Bodwin, E. Braaten, J. Lee and C. Yu, Phys. Rev.
D 74, 074014 (2006).

[10] M. Gell-Mann, D. Sharp, and W. G. Wagner, Phys. Rev.
Lett. 8, 261 (1962); M. Diehl, P. Kroll, and C. Vogt,
Phys. Lett. B 532, 99-110 (2002).

[11] A. B. Kaidalov and M. I. Vysotsky, Phys. Lett. B 652,
203 (2007). A. Datta et al., Phys. Rev. D 76, 034015
(2007).

[12] B. Aubert et al. (BABAR Collaboration), Nucl. Instrum.
Meth. Phys. Res., Sect. A 479, 1 (2002).

[13] W. M. Yao et al. [Particle Data Group], J. Phys. G 33,
1 (2006).

[14] D. Aston et al., Nucl. Phys. B 296, 493 (1988).

[15] S. Godfrey and N. Isgur, Phys. Rev. D 32, 189 (1985).

[16] M. Jacob, and G. C. Wick, Ann. Phys. 7, 404 (1959); S.
U. Chung, Phys. Rev. D 57, 431 (1998).

[17] M. Pivk and F. R. Le Diberder, Nucl. Instrum. Meth.
Phys. Res., Sect. A 555, 356 (2005).

[18] M. Benayoun, S. I. Eidelman, V. N. Ivanchenko and

Z. K. Silagadze, Mod. Phys. Lett. A 14, 2605 (1999).



