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Abstract

The QED processes ete™ — eTe " utpu™ and ete™ — ete "t 1t~ are studied with the L3 detector at LEP using an
untagged data sample collected at centre-of-mass energies 161 GeV < /s < 209 GeV. The t-pairs are observed through the
associated decay of one 7 into evv and the other into . The cross sections are measured as a function of /s. For muon
pairs, the cross section of the yy — ™ process is also measured as a function of the two-photon centre-of-mass energy
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for 3 GeV < Wy, <40 GeV. Good agreement is found between these measurements and the O(a*) QED expectations. In
addition, limits on the anomalous magnetic and electric dipole moments of the t lepton are extracted.

© 2004 Published by Elsevier B.V.

1. Introduction

The pair production of charged leptons in two-
photon collisions offers a unique opportunity to test
QED to O(a*) over a wide kinematical range. The
ete” > ete utu~ and ete™ — ete "t~ reac-
tions are studied with the L3 detector [1] for untagged
events, in which the e™ and e, scattered at small an-
gles, are not required to be observed.

Fig. 1 shows the lowest order processes which con-
tribute to this final state: multiperipheral, bremsstrahl-
ung, annihilation and conversion, for a total of 12 pos-
sible diagrams. For untagged events the multiperiph-
eral process dominates the cross section. The contri-
bution of other processes is below 1%.

The ete™ — eTe ¢1¢~ reactions, where £ =e,
or 7, were previously studied for untagged two-photon
events at eTe™ centre-of-mass energy, 4/s, close to
the Z mass [2]. Good agreement was found between
the measurements and the QED expectations. In this
Letter, the production of w-pairs is studied in the
range 161 GeV < /s < 209 GeV and the production
of t-pairs in the range 189 GeV < /s < 209 GeV.
The individual energies and luminosities are listed in
Table 1. As the ete™ — eTe“ut ™ channel ben-
efits from high statistics, the cross section of the
process yy — T~ is also measured as a function
of the two-photon centre-of-mass energy, W,,,. The
ete™ — eTe rTr ™ analysis is restricted to the ex-
clusive final state where T~ — e v;1, and t7 —

1 Supported by the German Bundesministerium fiir Bildung,
Wissenschaft, Forschung und Technologie.

2 Supported by the Hungarian OTKA fund under contract
numbers TO19181, F023259 and T037350.

3 Also supported by the Hungarian OTKA fund under contract
number T026178.

4 Supported also by the Comision Interministerial de Ciencia y
Tecnologia.

5 Also supported by CONICET and Universidad Nacional de La
Plata, CC 67, 1900 La Plata, Argentina.

6 Supported by the National Natural Science Foundation of
China.

nt 7%, which arises from 9.07 £ 0.01% of all
T-pair decays [3].

The process eTe™ — eTe"tT7~ is also used to
constrain the anomalous magnetic and electric dipole
moments of the t lepton, as proposed in Ref. [4].

2. Data and Monte Carlo samples

The events are mainly accepted by the charged-
particle [6] and the inner track triggers [5]. The
former requires at least two charged particles with a
transverse momentum p; > 150 MeV, back-to-back
within an acoplanarity angle of +41°. The latter
is based on a neural network, has no requirement
on the acoplanarity angle of the tracks and extends
the acceptance from the polar region 30° < 6 <
150° to 15° < 6 < 165°. A fraction of the eTe™ —
ete"uTu~ events is also accepted by the muon
trigger and a fraction of the ete™ — ete 771~
events by the calorimetric energy trigger [7].

The DIAG36 [8] generator is used to calculate at
O(a*) the full set of diagrams shown in Fig. 1. To ob-
tain the efficiencies of the ete™ — eTe ™™ chan-
nel, high statistics samples are generated in the range
3 GeV < W,,,, <40 GeV, for each value of \/s. The
ete™ — ete 171~ events are generated in the full
phase space with the Vermaseren Monte Carlo [9],
which takes into account only the dominating multi-
peripheral diagrams, shown in Fig. 1(a).

For background studies, the following event gener-
ators are used: KORALZ [10] for the ete™ — ¢~
and ete™ — puT ™ processes and LEPWW [11] and
PYTHIA [12] for W and Z boson pair-production and
decays into leptons, respectively. In the tau-pair analy-
sis, exclusive hadronic two-photon processes are gen-
erated with EGPC [13] and inclusive hadron produc-
tion with PHOJET [14].

All generated events are processed through the full
L3 detector simulation based on the GEANT [15]

7 Charge conjugate processes are included throughout this Letter.
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Fig. 1. Feynman graphs at O(a*) of the processes ete”™ — eTe " utu™ and ete™ — ete”r ¢ : (a) multiperipheral, (b) bremsstrahlung,

(c) conversion and (d) annihilation.

Table 1

Centre-of-mass energies and corresponding integrated luminosities. The selection efficiency, €y, and trigger efficiency, €yig, are also given
together with the number of observed events, Np, and the background contribution, Np

(V5) (GeV) J £d1 (pb) €¢ (%) €trig (%0) Np Np

wtu~ 161 10.2 18.4+0.5 99.4+0.6 193 4
172 9.7 18.9+0.5 98.4+0.8 223 7

183 54.2 18.4+0.3 99.7+0.2 1188 15

189 170.3 20.1+0.3 99.6 +0.1 4025 33

196 154.0 18.9+£0.3 99.7+0.1 3491 36

206 192.7 19.1+£0.2 99.7+0.1 4576 45

e~ 189 172.1 1.18+0.04 71.8+13 85 25
196 220.9 1.294+0.05 60.1 +1.6 97 31

206 215.1 1.08 +0.04 58.0+£0.9 84 29

and GHEISHA [16] programs and are reconstructed
following the same procedure as for the data. Time
dependent detector inefficiencies, as monitored during
the data taking, are also included.

3. Event selection
31 ete" > ete utu~

The muon pairs are selected using information from
the central tracking chamber (TEC) and the muon

spectrometer. The selection requires:

e cxactly two tracks with at least 12 hits each and
opposite charges, having a distance of closest

approach to the nominal interaction vertex in the
plane transverse to the beam direction smaller
than 5 mm;

e two well reconstructed muons in the muon cham-
bers corresponding to the charged tracks;

e a fiducial volume |cos6,| < 0.8, where 6,, is the
angle between the muon and the beam axis;

e the momentum of the muons between 2.5 and
40 GeV;

e muon tracks pointing to the primary vertex, with
time-of-flight consistent with the beam crossing,
in order to suppress background from cosmic rays,
hadrons decaying in flight and punch-through
hadrons;

e a di-muon effective mass, M,,, which mea-
sures W,,,,, between 3 and 40 GeV.
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Fig. 2. Distributions for selected ee™ — eTe~ut ™ events of
(a) the di-muon effective mass, M, and (b) the momentum of the
most energetic muon, p,. The data are compared to the sum of the
DIAG36 Monte Carlo and of the expected background, normalized
to the integrated luminosity.

The numbers of events selected at different /s are
shown in Table 1 together with the selection and trig-
ger efficiencies. The total background contribution,
estimated by Monte Carlo, is below 1%, and con-
sists mainly of events from the ete™ — eTe"tF 1™,
ete™ — 7t~ and ete™ — utu~ processes and
cosmic rays. The distributions of the di-muon effec-
tive mass and of the momentum of the higher-energy
muon are presented in Fig. 2(a) and (b) together with
the Monte Carlo predictions. The expected distribu-
tions agree well with the data.

32. ete- > eferte

The selection of tau-pairs, through the associated
decays T~ — e veve and vt — w700, is based

on information from the TEC and the electromagnetic
calorimeter (ECAL). It requires:

e atotal energy in the calorimeters less than 40 GeV,
to exclude ete™ — v 717~ events;

e cxactly two charged tracks with at least 12 hits
each and opposite charges, having a transverse
momentum greater than 0.3 GeV, a distance of
closest approach to the nominal interaction vertex
in the plane transverse to the beam direction
smaller than 10 mm and a corresponding ECAL
signal;

e two photons, defined as isolated showers in the
ECAL with energy greater than 100 MeV distrib-
uted over at least two crystals. There must be no
track within 150 mrad around the shower direc-
tion and the ratio between the energies deposited
in the hadronic and electromagnetic calorimeters
must be less than 0.2.

The electron identification for the reaction =~ —
e~ vy Ve is based on an ECAL cluster, with a shower
shape consistent with that of an electromagnetic par-
ticle, matching with a charged track within 100 mrad
in the plane transverse to the beam direction. The mo-
mentum of the electron candidate must be greater than
600 MeV. To achieve high efficiency and high purity,
the electron identification is based on a neural net-
work [17] which combines ten variables: the energy in
ECAL, the momentum, the ionization energy loss in
TEC, the ratio of the transverse energy in ECAL to the
transverse momentum in TEC, the number of crystals
in the shower, three inputs describing the shower shape
in ECAL, the corresponding energy in the hadronic
calorimeter and its fraction within a 7° cone. The elec-
tron identification with the neural network has an effi-
ciency of 87.7 & 0.2% with a purity of 94.7 £ 0.2%,
as determined from Monte Carlo events.

To identify v+ — nt7%, decays, we require
the two photons to be compatible with a 7°. The
remaining charged particle is considered to be the 7T
candidate. No additional selection cut is applied on
the w*. The two-photon effective mass distribution
in Fig. 3(a) shows the 7° peak. A Gaussian fit to
this peak gives a mass of 134.6 +£ 0.6 MeV and
a width of 6.8 = 0.7 MeV, compatible with the
expected detector resolution. We require the two-
photon effective mass to be within the range from 115
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Fig. 3. Distributions for t — 77 v candidates of (a) the effective mass of final state photons, my .y, (b) the sum of the transverse momenta of
the charged particles, | " pr|, and (c) the effective mass of the two pions, m_ 0. (d) Distributions of the energy of the electron for T — evv
candidates. The data are compared to the sum of the Vermaseren Monte Carlo ete™ — ete~t 17~ and of the background, normalized to the
integrated luminosity. Arrows in (a) and (b) indicate the position of the cuts on the plotted variable, when all other selection cuts are fulfilled.

to 155 MeV. To reject exclusive final states, as for
example ete™ — ete~ay(1320) — ete ntn 70,
we require the total transverse momentum imbalance
| > pr| to be greater than 0.2 GeV. Fig. 3(b) compares
the | > p;| distribution of data and Monte Carlo.
The excess of data for | > p;| < 0.2 GeV is due to
exclusive two-photon processes not included in the
Monte Carlo.

With these criteria, 266 events are selected. As
expected for the 7+ — 77, decay channel, the
7t70 effective mass is consistent with the p meson
mass, as shown in Fig. 3(c). The energy distribution of
the electron candidate is shown in Fig. 3(d). All data

distributions are in good agreement with Monte Carlo
simulations.

Table 1 shows the number of observed events to-
gether with selection and trigger efficiencies. The lat-
ter are evaluated directly from the data [18]. In the
analysis, a two-dimensional trigger efficiency correc-
tion, based on the highest momentum track and the az-
imuthal opening angle between the two tracks, is ap-
plied to each event. The main background in the sam-
ple is 26% and is due to tau-pairs decaying to other
final states, where leptons or pions are misidentified,
or additional pions are not detected. The background
from the ete™ — 771~ process, from resonant final
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states and from hadron production in two-photon colli-
sions is less than 4%. The background from beam-gas
and beam-wall interactions is found to be negligible.

4. Results
4.1 ete > ete utu~

The cross section of the process ete™ —
ete utu™ for3 GeV < Wy, <40 GeV is measured
for | cosf,| < 0.8 and extrapolated to the full angu-
lar range. The results are given in Table 2 for different
values of /s.

For lower luminosities the systematic uncertain-
ties are dominated by the uncertainty on the trig-
ger efficiency, around 3%. At higher luminosities the
main uncertainty of about 1.5% arises from the lim-
ited Monte Carlo statistics. The uncertainty due to the
event selection is estimated by varying the selection
criteria for the data samples with high integrated lumi-
nosity and is less than 1%.

The cross section for the full angular range, pre-
sented in Fig. 4, shows the expected slow rise as a
function of 4/ and is in good agreement with the QED
prediction, as calculated by DIAG36 Monte Carlo.
The cross section of the process yy — utu™ is de-
rived by measuring the cross section of the ete™ —
ete”u ™ process innine W, bins and scaling it by
the two-photon luminosity function [19]. The values
obtained at different /s are consistent within a given
W, bin, as shown in Table 3 and Fig. 5(a). Combined
results for the full data sample are listed in Table 3 and

Table 2

shown in Fig. 5(b) together with the QED predictions.
A good agreement is observed.

42 ete” > efe ttr™

The total t-pair production cross section is given in
Table 2. The cross section is lower than the eTe™ —
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Fig. 4. The cross section of the eTe™ — ete ™ process
for 3 < Wy, < 40 GeV and the total cross section of the
ete™ — ete "t process for Wyy > 2my. The data are com-
pared to the QED calculations of DIAG36. The inner parts of the
error bar represent the statistical uncertainties, the outer parts the
systematic uncertainties.

The cross sections of the processes eTe™ — eTe " utu™ and ete™ — ete "t ¢~ with their statistical and systematic uncertainties at
different /s values compared to QED [8] expectations. The cross section for eTe™ — eTe~utu™ for 3 GeV < Wyy <40 GeV is given for

both | cos @y, | < 0.8 and for the full solid angle

(v/5) (GeV) opata (pb) oQED (pb) opATa (Pb) oQED (pb)
[costy| <0.8 [cosOy| <0.8
ptu 161 101.4+£7.242.6 115.4 587+434+22 668.3
172 119.2+7.6+3.1 116.6 700 +46+27 684.9
183 117.7£3.4+1.9 118.3 6974+20+9 700.7
189 117.1£1.8+1.8 118.9 697+ 1149 708.6
196 118.9+£2.0£2.2 120.3 T134+12+12 717.8
206 122.6£1.8+1.7 121.3 738+ 11+8 730.0
e 189 459 +£68+33 442.6
196 454+ 67+42 452.3
206 459+ 76435 466.0
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The cross section of the process yy — ™ with its combined statistical and systematic uncertainties as a function of Wy, for four different
/s values and their average together with the QED [8] expectations

Wyy (GeV) olyy = utu”) (nb)
Vs =183 GeV 189 GeV 196 GeV 206 GeV 183-209 GeV QED
34 243+9.9 28.0 £ 6.6 252+6.4 27.7+6.1 259+4.2 26.8
4-5 21.5+3.7 23.0+2.7 252428 249+£3.0 22.6+£1.9 21.5
5-6 18.4+1.9 18.6+1.5 21.6+1.6 19.1£1.6 18.7+ 1.1 18.6
67 145+1.5 16.8 £ 1.3 18.8 1.4 16.1+1.3 15.9+0.9 17.0
7-8 123£1.5 153413 149+ 1.4 185+ 1.7 149410 15.2
8-10 11.5+1.3 129+1.0 124+1.1 129+ 1.1 12.4+0.7 13.2
10-15 89+1.0 9.3+£0.8 9.1£0.8 8.3+0.7 8.9+0.5 9.6
15-20 6.0+1.0 6.1£0.7 6.2+£0.8 6.6+0.8 6.2+0.5 6.2
2040 3.1£0.6 33+£04 32+£0.5 3.6£0.5 33+0.3 3.2
40 -
) a) the cuts on | Y _ p;| and the electron momentum, both
S 30 : ‘V/z = 123 gg:// between 4% and 5%. The total systematic uncertainty
'3 v s = 196 GeV due to selection criteria is estimated to be between 7%
+ . . .
3. 207 i*(/)SEB 2(%?/_\%63\/6) and 9%. Other sources of systematic uncertainties are
T 10 the determination of the trigger efficiency, the Monte
E Carlo statistics and the uncertainty on the background
© 0 : : : level; their combined contribution is below 3%. Fig. 4
0 10 20 30 40 compares the measured cross section and the O(a*)

40

30 1

e Vs = 183-209 GeV
— QED (DIAG36)
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Fig. 5. The cross section of the process yy — ut ™ as a function
of the yy centre-of-mass energy for (a) different values of /s
and (b) their combination. The data are compared to the QED
calculations of DIAG36.

eTe~ T~ cross section because of the T-pair mass
threshold of 3.6 GeV. The main contributions to
systematic uncertainties comes from the variation of

QED calculation. A good agreement is found.
4.3. Anomalous couplings of the tau lepton

Photon couplings to the tau lepton are in general
due to its electric charge, the magnetic dipole moment
and the electric dipole moment. They can be described
by a matrix element in which the usual y# term is
replaced by [20]:

" o__ 2\, 1 . 2 /wq_v
' =Fi(q¢°)y* +iF(q”)o -

qv
+ F3(¢?)ysot’ ——,
3(q%)ys .
where the form factors Fi(g2), Fa(g?) and F3(g?),
functions of the four-momentum squared, ¢2, of the
photon, are related to the tau charge, magnetic and
electric dipole moments as:

Fi1(0 (0
er = eF1(0), MT:W’
_€F3(0)

d, =
! 2my

)

respectively. In the Standard Model, at tree level,
Fi(¢®>) =1 and F>(¢%) = F3(¢g%) = 0. Limits on
F>(¢?) and F3(g?) were derived from the decay width
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I'(Z — t+17), relating the Zt T coupling to the pho-
ton couplings via SU(2) x U(1) invariance [21]. Di-
rect studies of the ytt couplings were performed at
the Z pole, by the L3 [22] and OPAL [23] Collabora-
tions through the ete™ — Z — vt~y process, and
at the T(4S) by the BELLE Collaboration through the
ete™ — y* — vt~ process [24].

Tau-pair production in two-photon collisions is
sensitive to possible anomalous couplings of the tau
lepton. Values of F>(g?) and d, different from zero
would modify the cross section of the ete™ —
eTe~ 7~ process [4]. By comparing the measured
cross section with predictions [4] as a function of
Fz(qz) and d; we obtain:

|F2(0)[ <0.107,  |de| <1.14x 107" ecm

at 95% confidence level, where the limit on each
coupling is derived fixing the other coupling to zero.
These bounds, limited by the size of the data sample,
are in agreement with the more stringent published
ones [22-24] and are derived from a different process.

References

[1] L3 Collaboration, B. Adeva, et al., Nucl. Instrum. Methods
A 289 (1990) 35;
L3 Collaboration, O. Adriani, et al., Phys. Rep. 236 (1993) 1,
J.A. Bakken, et al., Nucl. Instrum. Methods A 275 (1989) 81;
O. Adriani, et al., Nucl. Instrum. Methods A 302 (1991) 53;
B. Adeva, et al., Nucl. Instrum. Methods A 323 (1992) 109;
K. Deiters, et al., Nucl. Instrum. Methods A 323 (1992) 162;
M. Chemarin, et al., Nucl. Instrum. Methods A 349 (1994) 345;
M. Acciarri, et al., Nucl. Instrum. Methods A 351 (1994) 300;
G. Basti, et al., Nucl. Instrum. Methods A 374 (1996) 293;
A. Adam, et al., Nucl. Instrum. Methods A 383 (1996) 342.
[2] L3 Collaboration, M. Acciarri, et al., Phys. Lett. B 407 (1997)
341;
OPAL Collaboration, R. Akers, et al., Z. Phys. C 60 (1993)
593.

[3] K. Hagiwara, et al., Phys. Rev. D 66 (2002) 010001.
[4] F. Cornet, J.I. Illana, Phys. Rev. D 53 (1996) 1181, we wish to
thank the authors for helpful discussions.
[5] D. Haas, et al., Nucl. Instrum. Methods A 420 (1999) 101.
[6] P. Béné, et al., Nucl. Instrum. Methods A 306 (1991) 150.
[7] R. Bizzarri, et al., Nucl. Instrum. Methods A 283 (1989) 799.
[8] DIAG36 Monte Carlo;
F.A. Berends, P.H. Daverveldt, R. Kleiss, Nucl. Phys. B 253
(1985) 441.
[9] J.A.M. Vermaseren, Nucl. Phys. B 229 (1983) 347.
[10] KORALZ version 4.02 is used;
S. Jadach, B.F.L. Ward, Z. Was, Comput. Phys. Commun. 79
(1994) 503.
[11] LEPWW Monte Carlo;
F.C. Emé, in: G. Altarelli, T. Sjostrand, F. Zwirner (Eds.),
Physics at LEP2, vol. 2, CERN 96-01, CERN, Geneva, 1996,
p. 36.
[12] PYTHIA version 5.772 is used;
T. Sjostrand, Comput. Phys. Commun. 82 (1994) 74.
[13] EGPC Monte Carlo;
F. Linde, in: K. Bos, B. van Eijl (Eds.), Workshop on Detector
and Event Simulation in High Energy Physics Monte Carlo,
Amsterdam, 1991.
[14] PHOIJET version 1.05c¢ is used;
R. Engel, Z. Phys. C 66 (1995) 203;
R. Engel, J. Ranft, Phys. Rev. D 54 (1996) 4244.
[15] GEANT version 3.15 is used;
R. Brun, et al., preprint CERN-DD/EE/84-1, 1984, revised
1987.
[16] H. Fesefeldt, RWTH Aachen report PITHA 85/2, 1985.
[17] Stuttgart Neural Network Simulator, http://www-ra.informatik.
uni-tuebingen.de/SNNS/.
[18] D. Haas, Ph.D. Thesis, University of Basel, 2000.
[19] G.A. Schuler, hep-ph/9610406, 1996.
[20] C. Itzykson, J.B. Zuber, Quantum Field Theory, McGraw—Hill,
New York, 1980.
[21] R. Escribano, E. Masso, Phys. Lett. B 395 (1997) 369.
[22] L3 Collaboration, M. Acciarri, et al., Phys. Lett. B 434 (1998)
169.
[23] OPAL Collaboration, K. Ackerstaff, et al., Phys. Lett. B 431
(1998) 188.
[24] BELLE Collaboration, K. Inami, et al., Phys. Lett. B 551
(2003) 16.


http://www-ra.informatik.uni-tuebingen.de/SNNS/
http://www-ra.informatik.uni-tuebingen.de/SNNS/
http://www-ra.informatik.uni-tuebingen.de/SNNS/

	Muon-pair and tau-pair production  in two-photon collisions at LEP
	Introduction
	Data and Monte Carlo samples
	Event selection
	e+ e-->e+ e-µ+ µ-
	e+ e-->e+ e-tau+ tau-

	Results
	e+ e-->e+ e-µ+ µ-
	e+ e-->e+ e-tau+ tau-
	Anomalous couplings of the tau lepton

	References


