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Two-photon production of lepton and hadron pairs
vy~ ee, uu, w can be studied at high energy elec-
tron—positron storage rings via the reaction ete~
—e*teX, where X is a pair of charged particles (see
fig. 1a). These processes are of considerable interest,
because lepton-pair production and the point-like
production of pion pairs can be calculated in QED.
By comparing the measured rate of e.g. lepton pairs
with that predicted, one is thus testing QED in pro-
cesses, the amplitude of which is proportional to the
fourth power of the coupling constant e, compared
to e2 in annihilation processes [1]. On the other hand
the production of C = +1 resonances, which decay in-
to pion pairs, should show up as a deviation from the
calculated QED two-prong cross section.

We have investigated two-photon production of
charged particle pairs using the detector PLUTO at
PETRA, the ee™ colliding beam machine at DESY.
A description of the experimental set-up can be found
in ref. [2]. The data reported in this paper have been
taken at beam energies between 15 and 16 GeV ((Eg)
= 15.5 GeV) for an integrated luminosity of 2600
nb-1,

The outgoing electrons and positrons (outer lepton
lines in fig. 1a) are very strongly peaked in the forward
(backward) direction and are thus not identified for
the bulk of our data (“no-tag condition’). We report,
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Fig. 1. Feynman diagram for pair production (a) via the two-
photon exchange process and (b) the bremsstrahlungprocess
(e*e"=e*e, utu").
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however, also on a small subsample of the data, where
either the electron or the positron is measured in one
of the forward spectrometers (‘‘single-tag condition’).

The produced pairs (inner lines in fig. 1a) are iden-
tified using the central track detector of PLUTO. For
the no-tag sample we require two oppositely charged
tracks subject to the following conditions:

(a) Icos 6] < 0.56 for each track,

(b) p, > 400 MeV for each track,

(c) acollinearity angle between the tracks > 15°.

The polar angle § and the transverse momentum
p, are measured with respect to the beam axis. Events
with neutral energy not related to the tracks are re-
jected. The rather strong conditions (a) and (b) are
used to ensure uniform efficiency of the central detec-
tor. Condition (c) is needed for rejecting cosmic rays
and Bhabha events. The track-selection criteria for
tagged events are less stringent and are identical to the
ones described in ref. [2].

The vertex distribution of the no-tag events is
shown in fig. 2. There is a very clear peak around the
interaction point with only a small contamination
(~5%) from beam—gas scattering. In figs. 3a and 3b
we plot for the background subtracted no-tag events,
the total energy in the central detector and the vec-
tor sum of the transverse momenta, p?*™ = pl+p2.

The energy distribution peaks below 2 GeV and
decreases steeply toward higher energies. There are
only 5% of all events above a total energy of 10 GeV.
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Fig. 2. Distribution of the reconstructed event vertices along
the beam line.
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Fig. 3. (a) Background subtracted distribution of the total

energy in the central detector and (b) the vector sum of the

transverse momenta p§'™ = pl +pll.

They are attributed to radiative Bhabha events and
are eliminated. The pi"™ distribution demonstrates
that the transverse momentum of the two tracks is
balanced, i.e. on the average the missing transverse
momentum is compatible with zero. Both features
strongly support the conclusion that these events orig-
inate from two-photon interactions. The energy dis-
tribution results from the bremsstrahlungspectrum

of the photons and the transverse momentum is bal-
anced because most of the photons are radiated along
the direction of the incoming beams. In fact the esti-
mated contribution from annihilation processes which
lead to two-prong events with similar characteristics

is completely negligible.

In fig. 4 the number of events is plotted versus the
invariant mass of the pairs W which is obtained by as-
signing pion masses to all particles. The solid line is
the result of an absolute QED prediction for the pro-
duction of lepton pairs (ee, uut). It was calculated
using a computer program written by Vermaseren [3].
This program includes an exact calculation of the dia-
grams in fig. la plus their interference with brems-
strahlung terms (fig. 1b). Pion-pair production via the
two-photon interaction is normally assumed to be
small. On the other hand, the acceptance cuts favour
pions relative to leptons. We have estimated this con-
tribution by taking the production cross section from
ref. [4) and calculating the photon fluxes via the
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Fig. 4. Invariant mass distribution of the two-prong events.
The solid line shows the absolute QED prediction for the pro-
duction of lepton pairs (ee, uu). The insert shows the differ-
ence between the data and the QED prediction.

equivalent photon approximation [4,5] *!. The pre-
dicted rate is ~15% of the lepton signal in fig. 4.

A background to the two-prong spectra could re-
sult from two photon initiated multi-hadron produc-
tion with missing particles in the central detector.
Using the experimental results and the Monte Carlo
method described in ref. [2], we have estimated this
background to be smaller than 2% in our data sample.

The agreement of the QED calculation with the
data in the bins below 1 GeV and above 1.5 GeV is
very good, taking into account the systematic error of
our data (=15%) and the fact that radiative corrections
have not been included. There have been very few at-
tempts to calculate radiative corrections to two-pho-
ton processes [6]. These corrections are strongly de-
pendent on specific detector cuts. We expect them to
reduce the cross section by a few percent [7] and to
have a smooth W dependence, in accordance with the
good agreement of our data with the shape of the
QED curve above 1.5 GeV.

For 1 <W<1.5 GeV there is a clear excess of
the data above the QED prediction. The insert in
fig. 4 (128 = 27 events) shows the difference between

*1 We used the formula given in ref. [4] which in our range
differs by less than 5%.
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the data and the QED prediction. It has a typical reso-
nance behaviour. A very good candidate for such a
resonance is the f0(1270). Another possible candidate
in the same mass region is the e(1300). It was rejected
mainly because it is believed to have a much larger
width (I";,; > 300 MeV) [8]. In principle one could
distinguish the f9 from the e hypothesis via the angu-
lar distribution of the decay pions. In practice this is
not conclusive because of our limited angular accep-
tance and the large QED background.

For a quantitative comparison we calculate the
expected number of events (Néx ) in each mass bin /
from a superposition of lepton-pair production (NQED)
and fO prOdUCthIl (Nfo)

In order to determine Nfo we simulate production
and decay of f0 mesons (ee ~ eef0 — eenrn) in a Monte
Carlo program using

do= [ N(ky) dky Niky) dkyo, (W) POC™) dQem,

7l

with a Breit—Wigner ansatz for the total cross section
o.... in the reaction yy > f0 > 7tn—:

Yy
L, (W) =407 — Ll
(W2~ Mb)2 + T2
I',+.-, ['and Mo were taken from the standard-data

compllation [8]. The decay width I, is arbitrarily
set to 1 keV, thus b will be the experimental width in
units of keV. N(k) dk is the number of photons with
energies between k and k + dk radiated from the elec-
tron (positron) [5]. Being a J = 2 state, the f0 can be
produced via two helicity amplitudes (Al = 2, A= 0in
photon—photon reactions. These amplitudes lead to
different decay angular distributions P(6°™) in the
pion pair center of mass sytem:

P(gom) = 342577 sindgem | =

P(oem) = 1—25(3 cos2gem — )2, A=0.

We have chosen A = 2, because the dominance of
this amplitude is predicted from widely differing theo-
retical approaches to the problem of radiative fO de-
cay [9]. The results of our fit are given by a = 0.97
+0.05and b =2.3 0.5 (x2 = 6.5 for 11 DF). The
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value of ¢ confirms QED within the errors and limita-
tions discussed above. The fit value for the 7y decay
width of the fO meson is I y=2.3%0.5 keV with an
additional systematic error of +15%. The virtual pho-
ton mass squared is very low, Q2 = 0.007 GeV2 on
the average.

The experimental result is to be compared with the
numerous theoretical predictions, which are listed in
table 1. Our result is close to the value obtained in cal-
culations [10,11] using the non-relativistic quark mod-
el with an oscillator potential. With the exception of
ref. [12] all methods based on finite energy sum rules,

‘tensor meson dominance etc. lead to larger values for

I, It should be noted also that tentatively assuming
the X =0 hypothesis we find I',, = 5.7 £ 1.3 keV.

Finally we have analyzed the much smaller data
sample with the single-tag condition, i.e. an electron
(positron) scattered into one of the small-angle taggers,
SAT, of the forward spectrometers [2]. The invariant
mass distribution is shown in fig. 5 along with the
QED prediction. The small enhancement in the f0
mass region can be attributed to fO production via one
almost real (as above) and one virtual (02 = 0.28
GeV2) photon. Due to the limited statistics we only
give an upper limit of I, <2.6 keV (95% confi-
dence level) again using the A = 2 hypothesis. For ex-
tracting this radiative width the flux factor for the
virtual photons radiated from the electron scattered
into the SAT was taken from the e<y scattering forma-
lism described in ref. [2].

Table 1
Theoretical predictions for ' (f® = yv).

Ref. Ty (keV)
12 0.8
13 > 1
10 1.2-2.3
11 2.6
14 5.07
15 7
16 5.7
17 8
9 8
18 9.2
19 11.3
20 216
21 28
this exp. 2.3+£0.5
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Fig. §. Invariant mass distribution of the two-prong events
with a single tag in the SAT.

In summary we have measured particle-pair produc-
tion in two-photon processes over a wide range of in-
variant masses. Outside the fO-resonance region the
invariant mass distribution agrees with QED predic-
tions. The radiative width of the f® meson has been
determined for the first time and an upper limit has
been given for its production via virtual photons.
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