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The reactions e*e™ —»p*p~y ande*e™ - e*e” y have been studied with the CELLO detector at the PETRA storage ring.
Data have been collected from s =14 GeV up to 46.8 GeV. In a Dalitz plot analysis of the data, good agreement is found with
QED, except for the region M,f,, > 0.8 where the probability that QED describes the high energy data is at the percent level.

Introduction. In this letter, we report on a study of
the reactions

efem >utuy, 1
ete— »efe~y. )

The data were obtained using the CELLO detector
operating at the PETRA storage ring at DESY. These
reactions should be well described by QED calcula-
tions [1—4] of order a3. Data have been collected
over a wide energy range, from /s = 14 GeV to 46.8
GeV, the maximum centre of mass energy reached by
PETRA. Results for reaction (1) based on part of our
present data have been communicated previously [5].

Detector properties and event selection. The main
features of the CELLO detector [6] used in this anal-
ysis are its good resolution and its large and uniform
detection coverage for charged particles and photons.
Charged particles are detected and analyzed in the an-
gular range 11° < 8 < 169° with a momentum reso- -
lution Ap/p? =2 X 10~2 (p in GeV/c) and angular
resolutions o, = 3 mresin?6 and 0,=2mrin the cen-
tral region 30° < @ < 150° and progressive loss of ac-
curacy outside. Electromagnetic calorimetry is realized
with a lead—liquid argon system in which granularity
has been optimized both transversely and longitudinal-
ly, enabling a good angular resolution and a satisfac-

tory hadron—muon/electron separation to be achieved,

The photon angular resolutions are: g, = (10 +2) mr
and 6, = (6 £ 1) mr. The photon energy resolution is
oglE=5% + 10%/ VE with E in GeV. The calorimeter
covers 96% of the solid angle. Muons can be separated
from electrons and hadrons by their characteristic
minimum-ionizing behaviour in the calorimeter and
their penetration through 80 c¢cm of iron followed by
detection in wire chambers covering 92% of the solid
angle. The minimum momentum for u detection in
the muon chambers is 1.4 GeV/c. The detector is trig-
gered by combinations of charged tracks and energy

deposition. Reactions (1) and (2) were recorded by
two independent triggers: one requiring two charged
tracks, the other requiring a single track and an ener-
gy deposition in liquid argon greater than 2 GeV. In
addition, reaction (2) was recorded using a purely cal-
orimetric trigger. It was therefore possible to cross-
check the triggers involved for reactions (1) and (2)
and achieve an overall trigger efficiency of #95% for
reaction (1) and greater than 99% for reaction (2)
within the detection solid angle described below.

The event candidates were selected with the follow-
ing criteria:

(i) Two and only two tracks with |cos 8] < 0.85
with a momentum larger than 0.05 Ey,,,,. In addi-
tion, the acoplanarity angle was required to be be-
tween 2° and 178°,

(ii) One photon shower with |cos 8] < 0.85 and en-
ergy larger than 0.10 Ey ., no other significant
(>0.5 GeV) shower in the calorimeter was allowed.

(iiif) A minimum angle of 10° between the photon
and lepton directions to avoid collinear radiation and
confusion with 77 events where a nn0 final state could
simulate the uy topology.

(iv) A minimum visible energy of 0.6+/5 to elimi-
nate remaining 71y events.

(v) A minimum value of 0.05+/s for the ee or uu
mass in order to avoid the contamination of events
with a yp0 final state.

Muons were identified by their energy deposition
in the 1.1 absorption length-deep calorimeter or a hit
recorded in the chambers surrounding the iron ab-
sorber: the distribution of energy deposited in the
calorimeter for the final sample is given in fig. 1a. The
ratio of the distance between the impact of the extra-
polated track in the muon chamber and the recorded
hit to the estimated position uncertainty is shown in
fig. 1b. 77% of the tracks in reaction (1) are positive-
ly identified by the muon chambers and 85% are re-
constructed as minimum ionizing particles in the lead
—liquid argon calorimeter. These values are in accor-
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Fig. 1. (a) The energy deposition of the tracks in the lead—liquid argon calorimeter. (b) The ratio (@) of the distance between the
extrapolated impact of a track in the muon chamber and the recorded hit to the estimated position uncertainty.

dance with the acceptance (dead areas, momentum Table 1
cutoff) and the known inefficiencies of these devices. Data sample for the process ee — uuy and ee — eey within the
As a check, all the candidates were visually scanned cuts described in the text.

before applying the identification cuts,

R . CM energy Integrated ee — uuy ee — eey
Table 1 shows the data sgnple obtained at the dif- [GeV] luminosity number of  number of
ferent centre of mass energies. [pb™ events events
Kinematic reconstruction. The complete measure- 14 0.6 8 119
ment of reactions (1) and (2) is kinematically over- gg 367 . iZ) ;2 ;28
constrained (4C). However angular measurements are 40-46.8 216 35 422

more precise in our detector than energy measure-
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ments, at least for particles above ~4 GeV. Therefore,
the kinematics of reactions (1) and (2) can be precise-
ly reconstructed from accurate angle measurements.
Furthermore, it is possible to take into account the
possible radiation of a photon along the incident elec-
tron or positron directions and to calculate the ener-
gies of the four final state particles.

Such a calculation has been performed on the
event sample, resulting in a distribution for radiative
photon energy k.4 shown in fig. 2: we observe a
sharp peak for k4 <0.04 E\,., ., consistent within
resolution with reactions (1) and (2), and a radiative
tail as expected from initial state radiation. Since ra-
diative events can also be used for the exploration of
new phenomena which could occur in reactions (1)
and (2), we have retained in our sample events with
kyaqd <020 Eycam-

In order to test the kinematic reconstruction we
have made a detailed study of the mass resolutions.
From the known resolution of the angles of the pho-
ton and the charged particles, we expect a lepton—
photon mass resolution, og,lngles =250 MeV (Epeam/
17 GeV) for a mass of 30 GeV (weakly dependent on
the value of the mass). It is also possible to measure
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Fig. 2. (a), (b) The distribution of Xpag = K4/ Epaam for the
computed radiative photon along the beam line. The curve is
the QED expectation, including experimental resolution and

thie radiative tail.
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the same mass from the recoil momentum of the sec-
ond lepton, with a small correction due to initial state
radiation: such a determination competes in precision
with the previous method only for large masses, where
the recoiling lepton has a momentum not exceeding a
few GeV/c. For example, a 30 GeV mass is recon-
structed using the recoil momentum with a resolution
opf OMENIM < 340 MeV at /s = 34 GeV rising to 2.4
GeV at /s = 43 GeV. We have two independent
checks of the kinematic treatment: (i) the Monte
Carlo simulation with known angular resolutions as
input predicts correctly the energy resolution (1.3%
of the beam energy) of the radiated photon along the
beams as demonstrated in fig. 2, and (ii) there is good
agreement between the two independent determina-
tions of the lepton—photon mass — from angles or
from momentum — in configurations where their pre-
cisions are comparable. We have also tried a complete
3C kinematic fit (allowing initial radiation along the
beam direction) with no significant improvement in
resolution; this is expected since the energy measure-
ments of the fast lepton and the photon bring little
additional information at this level of precision. In
summary, the analysis tells us that the events satisfy
the kinematics of reaction (1) or (2) with the possible
emission of an additional photon along the beam line.

Background estimates. Reaction (2) is well identi-
fied with the help of the electromagnetic calorimeter
and although its rate is typically one order of magni-
tude larger, its misidentification as reaction (1) is neg-
ligible (less than 10~3 of the uuy rate). The contribu-
tions from the reactions

ete— > 70—, 3)
ete >ty 4)

are to a large extent removed by scanning since the
final state contains 70 and hadronic showers for most
of the 7 decays [7]. The remaining part, which can
simulate reaction (1), is considerably reduced after
the kinematic constraints are applied, and amounts to
at most 2 X 10~2 of the uuy rate. In the domain de-
fined by sz/s > 0.01, this contamination falls to a
level of less than 6 X 103,

The reaction

ete” > ntn vy *)
can be recognized by hadronic showers in the calori-
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meter. The non-observation of such events allows us
to set a purely experimental upper limit of 6 X 10—2
of the observed uuy rate for reaction (5). An estimate
which takes into account the pion form factor gives a
maximum possible contamination of 1 X 10—4,

We have also examined the process where two pho-
tons are produced at large angles with respect to the
beam
efe >utu~yy. (6)
This could simulate puy events if one of the two pho-
tons escapes detection. If the energy of the observed
second photon is larger than 0.5 GeV, we compute
[8] a yield of 3.4 events at /s > 33 GeV, where we
observe 3 events. Taking into account the detection
losses and the kinematic fitting, we estimate the con-
tamination to be less than 2 X 10—3 of the uury rate.
The corresponding reaction with electrons

ete” »>ete~yy @)

also occurs at a similar rate (relative to reaction (2)).
In summary, for the region M‘fy/s >0.01 and M&u/

s> 0.01 discussed below, the total contamination in

the uuy sample is estimated to be less than 9 X 10-3

of the uuy rate expected from QED, decreasing to 3

X 1073 at large uy masses. The contamination in the

eery sample is less than 5 X 10—3,

Comparison with QED and discussion. A complete
description of processes (1) and (2) by QED to order
o3 is available [1,2] and widely used Monte Carlo
generators exist. We have used such programs *! and
have also performed an independent Monte Carlo gen-
eration of events from reaction (2) which should be
valid for hard radiation. We have included initial and
final state radiative corrections to order o following
the prescription of Tsai [8], and estimate our knowl-
edge of the absolute normalization to be *10%.

All information concerning the reaction ee > 22y
for unpolarised beams can be obtained from the
Dalitz plot (Mg, (M3, how> (M3, )nign)s the orienta-
tion of the event plane with respect to the beam axis
and the orientation of the event within this plan, We
first consider the Dalitz plot population.

Since we are interested in the possibility of new
phenomena, cuts are applied in order to eliminate the
regions where the QED cross section is largest, name-

*1 The Monte Carlo generators were based on refs. [2,4].
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ly: M3y/s > 0.01 and MZ, /s > 0.01. These regions
correspond to enhancements in the amplitudes for
initial and final state radiation, respectively. Fig. 3
presents the experimental Dalitz plot distributions
after these cuts. Since the data are spread over a large
energy range, we group the data in three energy do-
mains and use dimensionless variables. Consequently
the Dalitz plot population should be energy indepen-
dent up to an overall normalization factor, It should
be emphasized that our kinematic knowledge of the
events is such that the uncertainty on the Dalitz plot
is very small AM%,Y/S < 0.01. To compare with QED,
3 regions are defined and their respective population
is compared to the corresponding QED predictions in
table 2. Estimated background contributions are also
included.

Good agreement with QED is observed in all re-
gions except for reaction (1) in region III of figs. 3b
and 3¢ (v/s> 33 GeV; (M2 )y ign/s > 0.8), where we
observe 12 events and expect 3.9. In order to assess
the overall statistical significance of the observed en-
hancement indpendent of the boundary between re-
gions II and III, we directly compared the experimen-
tal uy mass spectrum to the expected QED distribu-
tion in these regions. A Kolmogorov test gives a prob-
ability of 1% that the Monte Carlo describes the data.
This probability rises to 2%, when the uncertainty in
the mass determination is stretched in the direction
most favourable to QED.,

The lepton—photon mass distributions from re-
gions II and III are shown in fig. 4: no significant
structure is observed in either the uy or the ey mass
distributions.

We have examined other variables besides the in-
variant masses. Fig. 5 shows the distribution of the
photon angle with respect to the e~ beam direction.
No deviation from QED is observed. In particular, the
events in region III of the Dalitz plot show an angu-
lar distribution consistent with initial state radiation
(shaded area in fig. 5a).

Previous analyses of reaction (1) have been re-
ported. The data from MAC [9] at+/s =29 GeV are
in good agreement with QED, like our data in the
lower energy range. The analysis performed by MARK
J [10] on data taken at +/s up to 36.7 GeV indicates
no deviation from QED but the cuts differ from ours
in such a way that the sensitivity to new phenomena
is reduced at large uy masses. JADE has recently pub-
lished [11,12] an analysis of reactions (1) and (2)
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Fig. 3. (a)—(f) The Dalitz plot population for the reactions e*e™ — u*u"y and e*e™ — e*ey in the three different energy regions.

Table 2
Population of the Dalitz plot in 3 regions. Region I: 0.6 < M3y/s < 0.9. Region II: MZo/s < 0.6 and Mﬁ,y/s < 0.8. Region III:

M, /s > 08. In addition M7, /s > 0,01 and M, /s > 0.01.

Reaction V5 (GeV) Contribution Region
I I m
ee — upy 14 +22 data 8 9 0
MC 7.0 7.4 1.4
background <0.1 <0.1 <0.01
33,1-36.7 data 7 5 7
MC 8.1 8.7 1.6
background <0.1 <0.1 <0.01
40 -46.8 data 12 9 5
MC 12.2 12.5 23
background <0.1 <0.1 <0.01
ee — eey 14 +22 data 80 76 17
MC 90.1 71.4 9.7
background <0.1 <0.1 <0.1
33.0-36.7 data 98 85 8
MC 994 779 10.1
background <0.1 <0.1 <0.1
40 -46.8 data 144 124 22
MC 161.2 126.4 16.3

background <0.1 <0.1 <0.1
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Fig. 4. (a), (b) The distribution of the lepton—photon invari-
ant masses for </s > 33 GeV corresponding to regions II + I11
in fig. 3. The curves are the prediction from the QED Monte

Carlo calculations.

using again data at v/s up to 36.7 GeV for M, >30
GeV and found good agreement with QED.

In conclusion, we have measured the properties of
the radiative processes ee = puy and eey . We find
that QED provides a proper description of our data,
except for an excess of events for v/s >33 GeV and
M, 2 /s > 0.8. The probability that this excess is due to
a staustlcal fluctuation is at the 102 level.
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