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Abstract. Lepton pair production by two-photon well as two tagged electrons. These events show
processes has been studied using the JADE detector good agreement with QED to order o*.

at PETRA. The study probed QED to «* in the
highest Q* region. Both electrons and positrons were
tagged by the endcap or barrel shower counters. The
observed events consist of two produced leptons as
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ete —ete ete, (2)

is described by higher order QED reactions. Studies
of these processes provide tests of QED to o* at
large momentum transfers (Q?). These measurements
complement the two conventional ways to test QED.
One type of test is the measurement of the anom-
alous magnetic moment (g—2) of electrons and
muons, which provide very precise tests of higher
order QED at small Q2. The other type of test is the
measurement of QED reactions at very large Q2
such as Bhabha scattering and muon-pair produc-
tion from ete~ colliding experiments at high en-
ergy, which test QED to order «* and o’ at small
distances.

The two-photon process et e~ —ete” [T ]~ has
a large total cross section at high energy. Because of
the bremsstrahlung nature of the process, the small
Q? region of the reaction dominates the cross sec-
tion. Therefore most of the reaction products, as
well as the scattered electrons and positrons, go into
the beam directions. For this reason, almost all ex-
perimental analyses reported from e* e~ experiments
investigated the produced leptons under “no tag” or
“single tag” conditions [1-3]. In the “no
tag” (“single tag”) experiments, none (one) of the
scattered electrons/positrons is detected by special
tagging devices at small angles.

In this paper, we present results from a “double
tag” experiment in which both of the scattered beam
particles were detected at large angles with respect
to the beam axis. The produced lepton pairs were
also detected. This exclusive measurement has the
advantage of identifying the reactions with small
backgrounds. This study probes QED to order o* in
the highest Q? region tested so far.

Event Selection

The data were collected using the JADE detector at
the PETRA e* e storage ring. A detailed descrip-
tion of the apparatus can be found elsewhere [4].
The total integrated luminosity was 95pb~!; the
centre of mass energy varied from 28.8 to 46.8 GeV,
with a weighted average of 36.5 GeV.

We required two high energy showering particles
detected at large angle (“tagged electrons™), and two
additional charged particles (“lepton candidates™).
Fach tagged electron was required to satisfy the
following criteria:

A) The measured shower energy had to exceed
V's/6.

B) The polar angle 8 (with respect to the beam
axis) of the electromagnetic shower was required to
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be either |cos 3 <0.76 or 0.91<]|cosd|<0.955. The
polar angle cuts correspond to the fiducial regions of
the barrel and endcap lead glass arrays respectively.
Together with condition A), the Q? region is defined
to be between —92 and —1,200 GeV? for each
tagged electron.

C) At least one acceptable charged track was
required to lie within a 5° cone around the direction
of the electromagnetic shower. The track was re-
quired to come from the collision volume which was
a cylinder of =30 mm, |z|=300 mm along the beam
direction at the interaction point. The sum of the
momenta of the tracks associated with the shower
was required to be at least 1/10 of the measured
electromagnetic shower energy.

In addition, the acollinearity angle between the
two tagged electrons had to be larger than 10° to
avoid Bhabha events, and smaller than 170° to en-
sure a clear separation of the electromagnetic show-
ers.

The conditions for the lepton candidate tracks
were as follows:

A) Only two charged tracks were allowed (in
addition to those associated with the tagged elec-
trons).

B) Each track had to originate from the collision
volume and had to have a polar angle >15°,

C) The higher momentum track was required to
have a momentum >1GeV/c. The lower momen-
tum track had to have a momentum greater than
0.05 GeV/e.

D) Each track had to be at least 10° away from
all other tracks. This requirement removed eey
events where a photon converted in the beam pipe
or the pressure vessel of the jet chamber. The con-
dition C) together with D) corresponded to a mini-
mum mass of two leptons to be 0.04 GeV/c2.

A lepton candidate was identified as an electron
if it had more than 2 GeV of associated electromag-
netic shower energy, and as a muon if it had a
momentum >2 GeV/c in addition to having as-
sociated hits in more than three layers of muon
chambers. Since the detection efficiency of leptons
was estimated to be about 98 %, no correction was
applied.

The selected sample contains e*e ete”,
ete utpu~ and a few et e” h™ h~ events, where h
represents a hadron. Events in which one lepton
candidate was identified as an electron were accept-
ed as et e~ et e”. Events with one identified muon
were classified as e™e™ u* p~. After the above cuts,
there remained 9 et e put u~ and 20 efe et e™
candidates. No event satisfied both lepton identifi-
cations et e —ete et u” or et e e put which
could come from 7t decay. The number of events
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from t© decay are 2+0.5 events as predicted by a
Monte Carlo calculation described below.

Since all the final state particles were detected, a
four-constraint kinematical fit was made in order to
eliminate backgrounds. Events which contained
missing particles such as neutrinos or radiated pho-
tons were rejected. There were 8 and 13 events
which gave a good fit for reactions (1) and (2), re-
spectively.

Background Estimation

For each process (1) and (2), two kinds of back-
ground are expected. These are

ete" —ete 1T 1" (3)
and
ete —sete hth™. 4)

For reaction (2), additional background sources are

eTe -1t T (5)
and
ete"—oete oy (6)

Events from reaction (3) might be contained in the
sample, if both 7’s decay into one charged particle
plus neutrinos, one being an electron or a muon.
This process was studied by a Monte Carlo (MC)
calculation described in the next section. The ki-
nematical fit, however, discriminated well against
such events and the background from this source
was found to be <1Y%,.

For reaction (4) we used the measured ratio [5]
of the cross section for hadron pair and muon pair
production as an upper limit. We estimate that this
process contributes <0.59%, and <19% to the muon
and electron sample respectively, taking into account
the probability for a hadron to be misidentified as a
lepton (3% for p and 119 for e under the very
generous cuts used in this analysis).

The background from reaction (5) contributes
when one t decays into an electron plus neutrinos
and the other 7 decays into charged and neutral
pions plus a neutrino, where the pions simulate elec-
trons. This background is greatly reduced by the
kinematical fit and estimated to be <19,

Higher order radiative Bhabha events, reaction
(6), can be included if the radiated photons convert
in the beam pipe or the pressure vessel of the jet
chamber and simulate electrons. No calculation for
this process is available. These events were rejected
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by eye scanning, and the contamination from re-
action (6) is expected to be negligible.

Since the contributions from these background
processes were found to be small compared to the
statistical errors, no background subtraction was
made.

Comparison with QED and Discussion

QED calculations were made using two independent
programs. One was by Vermaseren (V) [6] and the
other one by Berends, Daverveldt and Kleiss (BDK)
[7]. Both programs calculate absolute cross sections
under certain requirements for the final states, and
generate events by the MC method. Vermaseren’s
calculation takes into account the multiperipheral
and bremsstrahlung diagrams shown in Fig. 1a and
b. BDK includes not only these diagrams but also
the conversion and annihilation diagrams shown in
Figs. 1¢c and d. All interference effects are taken into
account and found to be smaller than 109/. The
contributions from the conversion and annihilation
diagrams were calculated to be about 139 and 29,
for reaction (1) and (2) in BDK, respectively, when
we required all four final particles to be emitted at
8> 10°, Within statistics, both MC calculations were
in agreement. Since the BDK program was opti-
mized to produce events under “no tag” or “single
tag” conditions, applying this program to “double
tag” events was inefficient. For this technical reason,
the QED MC events were generated by the J-gener-
ator without radiative corrections. Since invariant
mass requirements between the two produced lep-
tons were very small in the event sclection, we set

e+ e+ e+ e+
1 "
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e e~ e e
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e ¢ e et
U ¢
et (

e > € e

(© (d)

Fig. 1a-d. Feynman diagrams for lepton pair production in two
photon interactions: (a) the multiperipheral term, (b) the
bremsstrahlung term, (¢) the conversion term and (d) the annihi-
lation term
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the minimum mass allowed to be 0.3 GeV in the
MC calculation.

The generated events were first passed through a
full detector simulation, which included the effects of
electrons showering in the material inside the coil
and various inefficiencies. The events were then
analysed by the same programs as the real data.

The total number of events expected from MC
calculation was 8.64+0.5 and 12.0+0.6 events for
reactions (1) and (2), respectively, while we observed
8 and 13 events. In the observed sample, we had 0
and 1 event which contained an additional photon
(Ey>1.0 GeV) from reaction (1) and (2), respectively.
The errors attached to the MC values take into
account uncertainties of the luminosity (1.5%) as
well as the statistical error (typically 49%). Within
the limited statistics, the agreement between the ob-
served events and the QED calculation is excellent.

Various distributions are shown for the final
samples and compared with QED calculations. Fig-
ures 2 and 3 show the energy and angular distri-
butions of electrons for reactions (1) and (2). In the
case of reaction (2), there is no separation between
tagged and produced electrons, four entries per
event are included, as against two entries per event
for reaction (1). Figures 4a and b show momentum
and angular distributions for muons. There is good
agreement between QED and the data within statis-
tics. We have also calculated the minimum mass
distribution of two leptons. We took the smaller
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Fig.2a, b. Energy distribution of electrons for the reaction
ete —eTe putyu™ (a) and ete” —eTe eTe” (b). The histo-
gram is the QED prediction described in the text
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Fig.3a,b. Polar angle distribution of the electrons for the
ete utp” (a) and ete et e~ (b) final states and the QED
prediction
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Fig.4a,b. Momentum distribution of the muons in the
et e” ut - (a) final state and polar angle distribution of the
muons in the e* e™ u* u~ (b) final state

invariant mass of the e¥ e~ or u* u~ combinations
for reaction (1) and the smallest mass of all four
possible combinations (e e™) for reaction (2). The
invariant mass distribution is shown in Fig. 5, and the
agreement is good. The bremsstrahlung diagram is
the dominant contribution (about 759, according to
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Fig.5a,b. The smaller of the et e~ or u* u~ invariant mass for
the reaction e*e” —e*e” p* u~ (a) and the smallest invariant
mass of possible 4 combinations for the reaction
ete” —»ete et e (b), together with the QED order o* calcu-
lation

the MC). The relative contribution of the multipe-
ripheral diagrams is increased from 259%; to 409, for
reaction (1), if we restrict the minimum invariant
mass to be greater than 1 GeV as done in a similar
investigation by the CELLO-Collaboration [8]. In
this case we have 4 events for reaction (1) and 11
events for reaction (2), while the MC calculation
predicts 5.8+0.6 and 8.9+0.7 events from reactions
(1) and (2), respectively. The distributions of the min-
imum invariant mass agree well with the QED pre-
dictions and don’t confirm the indication for an
excess of events with large invariant masses observed
in [8].
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Conclusion

We have measured four-lepton final states in double
tagged two photon processes. QED expectations de-
scribe the data well for both the et e” et e e* e
and e* e~ u* pu~ reactions for the Q2 range between
—9.2 and —1,200 GeV?2. The absolute rate and vari-
ous kinematical distributions show good agreement
with QED to order o*.

Acknowledgements. We are indebted to the PETRA machine
group and the DESY computer center for their excellent service
during the experiment. We gratefully acknowledge the effort of all
the engineers and technicians who have participated in the con-
struction and maintenance of the apparatus. This experiment was
supported by the Bundesministerium fiir Forschung und Techno-
logie, by the Japanese Ministry of Education, Science and Cul-
ture, by the UK Science and Engineering Research Council
through the Rutherford Appleton Laboratory and by the Depart-
ment of Energy USA. The visiting groups wish to thank the
DESY directorate for the hospitality extended to them.

References

1. A. Courau: Proc. Intern. Workshop on yy Collisions, Amiens,
1980; M. Pohl: Proc. Intern. Workshop on yy Collisions, Aa-
chen, 1983

2. PLUTO Collab. Ch. Berger et al.: Phys. Lett. 94B, 254 (1980);
MARK-J Collab. B. Adeva et al.: Phys. Rev. Lett. 48, 721
(1982); MAC Collab. E. Fernandez et al.: Phys. Rev. D28,
2721 (1983); CELLO Collab. H.J. Behrend et al.: Phys. Lett.
120 B, 384 (1983); PEP-9 Collab. M.P. Cain et al.: Phys. Lett.
147 B, 232 (1984)

3. C.J. Biddick et al.: Phys. Lett. 97 B, 320 (1980)

4. JADE Collab. W. Bartel et al: Phys. Lett. 88B, 171

(1979); Phys. Lett. 92 B, 206 (1980); Phys. Lett. 99 B, 277 (1981)
. PLUTO Collab. Ch. Berger et al.: Phys. Lett. 137 B, 267 (1984);
TASSO Collab. M. Althoff et al.: Z. Phys. C10, 117 (1981)

6. JAM. Vermaseren: Proc. Intern. Workshop on yy collisions,
Amiens, 1980

. F.A. Berends, P.H. Daverveldt, R. Kleiss: Nucl. Phys. B 253,
441 (1985)

. CELLO Collab. H.J. Behrend et al.: DESY 1984-103

n

-~

oo



