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Q uasi-R eal V irtual P h oton s at LEP

L3 Collaboration

Abstract

C om pton scattering  of quasi-real v irtual photons, 7 e± ^  7 e±, is studied w ith 
0.6 fb - 1  of d a ta  collected by the  L3 detector a t the  LEP e+e-  collider a t centre-of-
mass energies y/s =  189 — 209 GeV. A bout 4500 events produced by the  in teraction 
of v irtual photons em itted  by e± of one beam  w ith  eT of the  opposite beam  are 
collected for effective centre-of-mass energies of the  photon-electron and  pho ton
positron systems in the  range from  y/s* =  35 GeV up to  y/s* =  175 GeV, the 
highest energy a t which C om pton scattering  was ever probed. The cross sections of 
the  7 e± —► 7 e± process as a function of y/s* and  of the  rest-fram e scattering  angle 
are m easured, combined w ith previous L3 m easurem ents down to  y/s* ~  20 GeV, 
and  found to  agree w ith  the  QED expectations.

Subm itted  to  Phys. Lett. B

http://arXiv.org/abs/hep-ex/0504012v1


1 In troduction
The CERN  LEP e+e-  collider allowed high-energy tests of high-order QED through  the  detec
tion  of events w ith m ultiple hard-pho ton  production  [1] and th e  study of lepton pairs produced 
by tw o-photon interactions [2 ].

A unique test of QED a t e+e-  colliders is the  study of C om pton scattering, Ye± ^  y e± . In 
th is process, quasi-real v irtual pho tons1) em itted  by one of the  incoming beam s in teract w ith 
the  electrons2) of the  o ther beam . This process, e+e-  ^  e+e- 7 , is sketched in Figure 1. The 
electron which rad ia tes the  quasi-real photon  is scattered  a t a very small angle and  escapes 
detection along the  beam  pipe. The signature of such a process is a photon  and  an electron 
in the  detector, w ith  a large am ount of missing m om entum  directed along the  beam  line. The 
7 e± —► 7 e± process is characterised by the  effective centre-of-mass energy of the  photon-electron 
collision, ^/s', and  by the  scattering  angle of the  electron in the  photon-electron centre-of-mass 
system, 9*, shown in Figure 1. At the  lowest order, the  differential cross section as a function 
of cos 9* is [3]:

d<r a 2n  (1  +  cos 9* 2 A
dcos#* s' 2  1 +  cos 9 * ) J

where a  is th e  fine-structure constant. In the  angular range | cos 0*1 <  0.8, this corresponds to  
a cross section of abou t 200 pb a t V s '  =  40 GeV and of abou t 20 pb a t V s '  = 1 3 0  GeV.

Q uasi-real C om pton scattering  in e+e-  colliders was first discussed more th a n  three decades 
ago [4] and  observed a t the  900 MeV ACO storage ring in Orsay [5]. The L3 C ollaboration 
studied th is process a t e+e-  centre-of-mass energies -</s =  91 — 183 GeV, covering w ith  high 
statistics the  effective centre-of-mass energy range V s '  =  20 — 100 GeV [6 ]. This L etter presents 
the  extension of th is analysis to  the  high-lum inosity and high-energy d a ta  sample collected at 
LEP a t 1/ s  =  189 — 209 GeV w ith the  L3 detector [7-9]. This d a ta  sample comprises 0.6 fb - 1  

of in tegrated  luminosity, as detailed in Table 1. It extends the  accessible V ^  range to  about 
175 GeV, allowing to  probe C om pton scattering  a t energies never a tta in ed  before.

2 Event sim ulation
The T E E G G  M onte Carlo [10] is used to  sim ulate the  e+e-  ^  e+e- Y process w ith  one electron 
scattered  in the  angular range | cos#) >  0.996 and  b o th  the  o ther electron and  the  photon  in 
the  angular range | cos#) <  0.985. The V s '  spectrum  for the  7 6 + —► 7 6 + process generated  by 
TE E G G  was com pared [11] w ith  the  QED expectations obtained  by convolving the  QED cross 
section w ith  the  v irtual-pho ton  flux modelled w ith  the  equivalent-photon approach [12]. The 
two spectra  agree w ithin the  expected statistical precision of th is m easurem ent.

The following M onte Carlo program s are used to  m odel the  background processes: BH- 
W ID E [13] for B habha scattering, e+e-  ^  e+e- , KK2f [14] for ta u  pair-production, e+e-  ^  
t +t - , GGG [15] for m ulti-photon production, e+e-  ^  7 7 (7 ), and  DIAG36 [16] for electron 
pair-production  in tw o-photon collisions, e+e-  ^  e+e- e+e- .

Large samples of M onte Carlo events are generated a t each e+e-  centre-of-mass energy. The 
num ber of sim ulated signal events corresponds to  a t least th irty  tim es the  num ber of expected

X)A “quasi-real” virtual photon is one whose virtuality, Q2 =  —m ^, is much smaller than  all relevant scales 
of the process and is therefore kinematically equivalent to a real photon with Q2 =  0.

2)In this Letter, the term  “electron” is in general used to refer to both electrons and positrons, unless specified
otherwise.
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d a ta  events. For background processes, th is factor varies from  six tim es for B habha scattering, 
up to  more th a n  one hundred tim es for the  e+e-  ^  t + t -  process.

The L3 detector response is sim ulated using the  G EA N T program  [17], which takes into 
account the  effects of energy loss, m ultiple scattering  and showering in the  detector. Time- 
dependent efficiencies of the  different subdetectors, as m onitored during the  data-tak ing  period, 
are taken into account in the  sim ulation procedure. The sim ulated events are reconstructed  
w ith  the  same program  used for the  data.

3 R econ stru ction  o f event k inem atics

A crucial p a rt of the  m easurem ent is the  determ ination  of v  s' and  cos 9*. These are inferred 
w ith  high precision by im posing the  constraints th a t there are only three particles in the  final 
s ta te  and  one of the  electrons is directed along the  beam  line. The polar angles of the  observed 
electron and  photon, 9e and  9Y, defined in F igure 1, are used to  calculate the  missing energy,
E miss, as:

| sin (9e +  07)|
E • —miss sin Oe +  sin OY +  I sin(Oe +  OY) I 

The square of the  effective centre-of-mass energy of the  Ye± ^  Ye± process is then:

s ( 1 — 2 ̂ miss

M onte Carlo studies show th a t the  resolution on \ f s '  is b e tte r  th a n  500 MeV. This improves 
by 30% the  resolution obtained  if only the  energies of the  m easured particles are used. The 
resolution on the  m easured energies of the  electron, E e, and of the  photon  E Y is also improved 
by re-calculating these quantities w ith the  kinem atic constraints:

E angle

E angle

sin OY
sin Oe +  sin OY +  I sin(Oe +  OY) I ’ 

- sin Oe
sin Oe +  sin OY +  I sin(Oe +  OY) I

B oth  E eangle and  E “ ^  have a resolution of abou t 200 MeV. The cosine of the  scattering  angle 
of the  electron in the  electron-photon centre-of-mass system  is:

coa g* =
sin OY +  sin Oe

The resolution on cos O* in M onte Carlo events is found to  be b e tte r  th a n  0.005.

4 Event selection
Events from  C om pton scattering  m ust have one track  in the  central tracker and  two clusters 
in the  BGO electrom agnetic calorim eter in the  fiducial volume | cos 9| <  0.96. The clusters 
m ust have energies of a t least 5 GeV and the  la teral profile of their showers m ust m atch  th a t 
expected for electrom agnetic showers. One of these clusters m ust be associated to  the  track, 
which should be reconstructed from  at least 80% of the  h its along its sensitive track-length. 
This cluster is identified as the  electron.
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The low polar-angle regions of the  L3 detector are instrum ented  w ith  two calorim eters. The 
first is com posed of BGO crystals and  is used to  detect B habha scattering  in order to  measure 
the  lum inosity [8 ]. It covers the  angular region 1.4° <  9 <  3.9°. The second is built from 
lead and  plastic scintillators and extends this angular coverage up to  9° [9]. The sum  of the 
energies deposited in these two calorim eters, E forward, is required to  be less th a n  50 GeV, as 
shown in Figure 2a. This cut ensures th a t no electron is detected  above 1.4° and  therefore only 
the  scattering  of quasi-real photons is considered.

After these pre-selection requirem ents, abou t 36500 events are observed in d a ta  and  32500 
are expected from  M onte Carlo processes, of which 18% is due to  signal and 82% to  background. 
The m ain source of background is B habha scattering  w ith  a high-energy in itia l-state -rad iation  
(ISR) photon  em itted  in the  beam  pipe, which gives the  missing-energy signature, and  an 
electron which mimics a photon. Electrons are misidentified as photons more frequently in 
d a ta  th a n  in M onte Carlo, which results in the  excess of observed events over the  M onte Carlo 
prediction. An additional contribution to  th is background comes from  ta u  pair-production 
where b o th  taus decay into electrons, one of which is identified as a photon, and  the  four 
neutrinos are responsible for the  missing-energy signature. A lesser source of background is 
the  production  of events w ith th ree photons, where one of the  photons escapes detection along 
the  beam  line and another, th rough  photon  conversion, is m istaken for an  electron. Several 
additional criteria  are devised to  cope w ith  these background sources.

B habha scattering  and m ulti-photon production favour events w ith  electrom agnetic clusters 
which are back-to-back in space. These background sources are strongly reduced by a cut on 
the  angle between the  two clusters, Z <  2.8 rad, as illustrated  in Figure 2b.

Events from  ta u  pair-production  are suppressed by requiring E e/E a ngle >  0.7 if E e >  E Y 
or E y/ E “ ^  >  0.7 otherwise, as shown in Figure 2c. This cut enforces the  three-particle 
hypothesis and rejects events where the  missing m om entum  is not directed along the  beam  
axis.

The analysis is restric ted  to  \ f s '  > 35 GeV, as displayed in Figure 2d, in order to  exclude 
the  region L3 m easured w ith high statistics [6 ] and  concentrate on the  high-energy data.

The background from B habha scattering  is m ainly concentrated in the  forward scattering 
region, cos 9* >  0.8, as presented in Figure 2e. This region is removed from the  analysis. The 
backw ard-scattering region, cos 9* <  —0.8, is also removed in order to  reduce the  system atic 
uncertain ty  from  a wrong assignm ent of the  electron charge.

The contribu tion  from  B habha scattering  to  the  selected events is fu rther inspected. In the 
forw ard scattering  region, 0.4 <  cos 9* <  0.8, the  background electrons are m ostly em itted  in 
the  central regions of the  detector, as shown in Figure 2f. This follows from  the  emission of 
a hard  ISR photon. This background is fu rther reduced by requiring the  electron to  satisfy 
| cos 9e| >  0.6 if 0.4 <  cos 9* <  0.8.

After these cuts, 4487 events are selected in d a ta  and  4534 are expected from  M onte Carlo 
sim ulations, as detailed in Table 1 [18]. Background processes are estim ated  to  contribute to  
abou t 3.5% of this sample. Two th irds of the  background is due to  B habha scattering, one 
quarte r to  electron production  in two photon  collisions and the  rest to  m ulti-photon production 
and  ta u  pair-production. The d istributions of the  energies and  the  angles of the  electrons and 
photons of the  selected events are shown in Figures 3a-d . Figure 3e presents the  norm alised 
sum  of the  m om enta of the  electron and photon  along the  beam  line, \pz \/^/s-  As expected, a 
large boost along the  beam  line is observed. Figure 3f shows the  rap id ity  of the  selected events.

M onte Carlo studies indicate th a t the  average value of Q 2 for the  selected events is 0.48 GeV2 

and 90% of the  photons satisfy Q 2 <  2  GeV2. This corresponds to  a small average-virtuality
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(Q 2 / s ')  ~  3 x 10-3 , which justifies the  trea tm en t of the  v irtual photons as quasi-real ones. The 
kinem atics of the  process under investigation is such th a t p 2 ~  Q 2, where p t is the  sum  of the 
m om enta of the  final s ta te  electron and  photon  in the  plane transverse to  the  beam s. Figure 4a 
shows the  d istribu tion  of pi  for the  selected events. An average value <  pi  > =  0.3 GeV2 is 
observed, w ith  a root-m ean-square of 1 GeV2, which fu rther validates the  hypothesis of quasi
real photons.

The d istribu tion  of cos 9* for the  selected events, shown in Figure 4 b , presents the  charac
teristic  backw ard-scattering behaviour of C om pton scattering. Figure 4c displays the  observed 
and  expected d istributions of Vs'- The average value of Vs' is 64 GeV. Ten events are observed 
in d a ta  for Vs' > 163 GeV, up to  Vs' =  175 GeV, the  largest energies a t which C om pton scat
tering  was ever observed. M onte Carlo sim ulations predict 9 ±  1 events in this region, w ith 
a background of 7%. The uncertain ty  is due to  the  lim ited statistics of the  generated M onte 
Carlo sample. Figure 4 presents one of these high-energy events.

5 S ystem atic  uncertainties
Several sources of system atic uncertain ty  are considered and  the ir im pact on the  m easurem ent 
of the  cross section as a function of Vs' and of the  differential cross section as a function of 
cos 9* are listed in Table 2.

The m easurem ent of the  photon  and electron angles is crucial to  the  determ ination  of the 
event kinem atics. These variables are sm eared by ±1%  to  account for possible uncertainties 
in detector alignm ent, tim e-dependent changes in resolution or discrepancies between the  d a ta  
and  the  M onte Carlo simulations. The effects of these changes are larger for events w ith  large 
values of Vs' or cos 6*. In addition, the  energy scale of the  electrom agnetic calorim eter is 
varied w ithin its uncertain ty  of ± 1 %. As the  energies are m ainly inferred from the  angular 
m easurem ents, th is change has a small im pact on the  cross sections.

The am ount of charge confusion in the  tracker is m easured w ith control data-sam ples and  is 
well reproduced in the  M onte Carlo simulations. However, uncertainties in this sim ulation are 
a po ten tial source of system atics. This is assessed by injecting in the  sim ulations an additional 
am ount of charge confusion. A small variation in the  cross section as a function of Vs' is 
observed, whereas a larger uncertain ty  affects the  determ ination  of the  differential cross section 
for large values of cos 9*.

U ncertainties of the  background norm alisation are also p ropagated  to  the  final results. All 
background levels are varied by ± 2 % w ith  the  exception of electron production  in tw o-photon 
collisions, varied by ± 1 0 %.

Finally, the  effects of the  lim ited am ount of signal and  background M onte Carlo statistics 
are trea ted  as additional system atic uncertainties.

6 R esu lts
The phase space covered by this analysis, 35 GeV <  V s '  < 175 GeV and —0.8 <  cos 6* < 0.8, 
is divided in ten  intervals in V s '  and  twelve intervals in cos 9*. The lim its of these intervals are 
detailed in Tables 3 and 4 , together w ith  the ir average values3) and  the  num bers of observed 
and  expected events, also shown in Figures 4b and  4c.

3)The average values are calculated as suggested in Reference 19.
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The differential cross section of the  e+e —► e+e 7  process as a function of V s '  is re la ted  to  
the  cross section of the  Ye± ^  Ye± process by:

d a e+e ^ e + e  ^  V s ')  a ie± ^ fe± (V s ') ,  (2 )
dv^s7

where V s ')  is the  v irtual-pho ton  flux. The cross section of the  e+e_ —► e+e_ 7  process
for the  z-th interval of V s '  can be ex tracted  from the  num bers of events observed in d a ta  and 
expected from  signal and background M onte Carlo sim ulations, Ndata(i), and (i),
respectively, as:

A c re+e-^e+e-7 _  A < 7 ^ - _ >e+e-7 ^data(¿) ~  N u c ( i )

A v ^  “  A v ^  1 j

where A (j“ g -^ e+e- 7 /A v /s' is the  cross section predicted  by the  M onte Carlo. By expressing 
E quation  3 in term s of E quation  2 , and assum ing th a t V s ')  is the  same for d a ta  and
M onte Carlo, the  cross section for quasi-real C om pton scattering  a t the  average effective centre- 
of-mass energy {Vs')  can be derived directly from the  values in Table 3 as:

(<vV>) =  < ±7 . ± [{Vs1}) (4)_  QED

where ({V s')) is the  value expected from QED. The differential cross section for
quasi-real C om pton scattering  as a function of cos 0* is derived from  a form ula equivalent to  
E quation  4 , mutatis mutandis.

The selected events are fu rther classified according to  the  presence of either electrons or 
positrons in the  final states. The cross section as a function of V s '  and  the  differential cross 
section as a function of cos 0 are m easured and  the  results are presented in Figures 6 a and 6 b . 
They are in good m utual agreem ent. The combined results for electrons and positrons are 
presented in Tables 3 and  4 and  in Figures 6 c and 6 d . All results are in good agreem ent w ith 
the  QED predictions, also presented in Tables 3 and 4 and in Figure 6 . The predictions for 
the  cross section as a function of V s '  are derived by in tegrating  E quation  1 over the  range 
—0.8 <  cos 9* <  0.8, while the  predictions for the  differential cross section as a function of cos 0 
are derived by in tegrating  over the  range 35 GeV <  V s '  < 175 GeV.

The cross sections as a function of Vs' m easured in the  range Vs' =  35 — 175 GeV are 
combined w ith  those L3 m easured in the  range Vs' =  2 0  — 1 0 0  GeV [6 ]. The full data-sam ple 
collected by the  L3 detector a t V s  =  91 — 209 GeV is therefore considered, covering a range 
Vs' =  2 0  — 175 GeV. The results are presented in Table 5 and Figure 7. They are in good 
agreem ent, over two orders of m agnitude, w ith the  QED predictions.
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's/s (GeV) 188.6 191.6 195.6 199.5 201.7 202.5 -  205.5 205.5 -  209.2
C (pb-1 ) 176.8 28.9 82.9 67.8 36.2 75.6 137.7

-^data 1409 2 2 1 612 460 266 545 974
N mc 1336 231 659 521 284 520 982

Table 1: In tegrated  lum inosities, L, and  num bers of events selected in data , N data, 
and  M onte Carlo, N MC, a t each e+e-  centre-of-mass energy.

System atic uncertain ty  on
Source ) d(J7e± ̂ 7e± / d COS 9*
M easurem ent of angles 
Energy scale 
Charge confusion 
Background norm alisation 
Signal M onte Carlo statistics 
Background M onte Carlo statistics

0.2% -  3.8% 
0 .1 % -0 .9 %  
0 .1 % - 0 .2 % 
0 .1 % - 0 .2 % 
1 .0 % -3 .7 %  
0.3% -  2.4%

0 .1 % -  18.6% 
0 .1 % -  1.9% 
0 .1 % -  19.8% 
0 .1 % -  0.3% 
1 .3 % -  6.9% 
0 .3 % -  4.2%

Total 1 .3 % -5 .5 % 1.5% -  28.2%

Table 2 : System atic uncertainties on the  cross section as a function of v  s' and  of the 
differential cross section as a function of cos 9*. The largest uncertainties correspond 
to  the  low -statistics high \ f s' regions and  to  the  forw ard-scattering regions, where 
angular m easurem ents and charge confusion effects are im portan t.
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(GeV) (v ^ 7) (GeV) ^Xdata N sAgc
Arback
JVMC ^”7e^—>7e  ̂ (pb) ^ e±^7e± (Pb )

3 5 -  45 39.7 1269 1229.7 32.0 216.0 ±  6.0 ±  4.7 214.7
4 5 -  55 49.7 889 900.3 22.5 131.5 ±  4.6 ±  1.8 136.7
5 5 -  65 59.8 627 610.6 1 1 .8 95.3 ±  3.8 ±  2.2 94.6
6 5 -  75 69.8 506 472.5 9.8 72.9 ±  3.1 ±  1.5 69.4
7 5 -  85 79.8 370 342.4 16.5 54.8 ±  2.8 ±  1.2 53.1
85 -  100 92.2 357 346.9 14.9 39.2 ±  2.1 ±  1.1 39.8

1 0 0 -  115 107.2 205 214.4 5.8 27.3 ±  2.1 ±  0.8 29.4
1 1 5 -  130 122.3 125 138.2 2 .6 20.0 ±  2.0 ±  0.7 2 2 .6

1 3 0 -  145 137.3 87 8 6 .6 3.3 17.3 ±  1.9 ± 0 .9 17.9
1 4 5 -  175 159.3 52 6 6 .6 6.5 9.1 ±  1.8 ± 0 .7 13.3

Table 3: Num ber of events observed in each Vs' bin w ith average (Vs'), ata, to 
gether w ith the  signal, NMc\  and background, N M C , M onte Carlo predictions. The 
m easured cross sections, a 7e± ^ 7e± , are given w ith the ir sta tistica l and  system atic 
uncertainties, respectively, together w ith the  QED predictions, ± . The d a ta
sample a t V s  =  188.6 — 209.2 GeV is considered, and  the  cosine of the  electron 
rest-fram e scattering  angle is lim ited to  the  range | co s9*\ < 0 .8 .

cos 9* (cos 9*) -^data /vsignMC
Arback
JVMC d(J7e± __>7e± / d cos 9* (pb) d ^ e± ^ e±/ d c o s r  (pb)

- 0 . 8 0 -  -0 .6 7 -0 .7 4 346 283.3 25.8 133.8 ±  6.4 ±  9.6 x 102 118.3 x 102

- 0 . 6 7 -  -0 .5 3 -0 .6 0 389 385.2 15.7 77.2 ±  4.0 ±  2.6 x 102 79.6 x 102

- 0 . 5 3 -  -0 .4 0 -0 .4 7 499 469.9 1 1 .2 63.6 ±  2.7 ±  2.5 x 102 61.2 x 1 0 2

- 0 . 4 0 -  -0 .2 7 -0 .3 4 553 593.5 14.5 46.0 ±  2.1 ±  1.5 x 102 50.7 x 102

- 0 . 2 7 -  -0 .1 3 - 0 .2 0 742 733.8 1 0 .1 43.1 ±  1.6 ±  0.7 x 102 44.1 x 102

- 0 . 1 3 -  0.0 -0 .0 7 616 650.2 7.9 37.0 ±  1.6 ±  0.6 x 102 39.6 x 102

0.0 -  0.13 0.06 512 509.2 5.8 36.4 ±  1.6 ±  0.6 x 102 36.6 x 102

0 .1 3 -  0.27 0 .2 0 353 347.6 10.9 33.4 ±  1.8 ±  0.8 x 102 34.4 x 102

0 .2 7 -  0.40 0.33 2 2 1 202.4 5.1 35.0 ±  2.2 ±  2.2 x 102 32.9 x 102

0 .4 0 -  0.53 0.46 135 126.7 11.9 30.1 ±  2.7 ± 3 .1  x 102 31.8 x 102

0 .5 3 -  0.67 0.60 81 73.5 2 .8 33.1 ±  3.4 ±  5.9 x 102 31.1 x 102

0 .6 7 -  0.80 0.73 40 33.1 4.1 33.3 ±  4.8 ±  8.7 x 102 30.7 x 102

Table 4: N um ber of events observed in each cos 9* b in  w ith average (cos 9*), N data, 
together w ith  the  signal, NMC, and  background, NjMCf, M onte Carlo predictions. 
The m easured differential cross sections, d a7e± ^ 7e± /d c o s  9*, are given w ith  their 
sta tistical and system atic uncertainties, respectively, together w ith  the  QED predic
tions, d a ^ i^ g i /d c o s # * .  The d a ta  sample a t V~s =  188.6 — 209.2 GeV is considered, 
corresponding to  an  effective centre-of-mass energy range V s '  =  35 — 175 GeV.
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v/s7(GeV) (v^X G eV ) QED 
^  ̂ . < ■

0 - 2 5 2 1 .0 771.2 ±  21.6 764.8
2 5 -  35 29.8 370.6 ±  11.3 381.1
3 5 -  45 39.7 213.2 ±  5.4 214.7
4 5 -  55 49.7 128.7 ±  3.9 136.7
5 5 -  65 59.8 95.0 ±  3.5 94.6
6 5 -  75 69.8 70.6 ±  2.9 69.4
7 5 -  85 79.8 55.2 ±  2.6 53.1
85 -  100 92.2 38.8 ±  2.2 39.8

1 0 0 -  115 107.2 27.3 ±  2.2 29.4
1 1 5 -  130 122.3 2 0 .0  ±  2 .1 2 2 .6

130 -  145 137.3 17.3 ±  2.1 17.9
145 -  175 159.3 9.1 ±  2.0 13.3

Table 5: M easured cross sections, a je± ^ 7e± , w ith the ir combined sta tistica l and 
system atic uncertainties together w ith the  QED predictions, ± . The full L3
d a ta  sample a t i / s  =  91.2 — 209.2 GeV is considered and  the  cosine of the  electron 
rest-fram e scattering  angle is lim ited to  the  range | co s9*\ < 0 .8 .
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Figure 1: Schem atic view of quasi-real C om pton scattering  in e+e collisions in the 
labora to ry  system, higher plots, and  in the  Ye± centre-of-mass frame, lowest plot.
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Figure 2: D istributions of some selection variables for d a ta  and  M onte Carlo predic
tions. a) Energy in the  forw ard calorim eters, E forward; b) angle between the  electron 
and the  photon, ( ; c) ra tio  of the  energies of the  m ost energetic particle as m ea
sured in the  calorim eter and  as obtained  from the  angular constraints, E / E angle] 
d) effective centre-of-mass energy, e) cosine of the  electron scattering  angle in 
the  Ye± rest frame, cos 9*; f) cosine of the  polar angle of the  electron, cos 9e, for
0.4 <  cos 9* <  0.8. The arrows indicate the  position of the  cuts. In a) all o ther 
pre-selection cuts are applied. In b) all cuts are applied bu t the  one on cos 9*. In 
c ) - f )  cuts on all o ther variables are applied.
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Figure 3: D istributions of variables for events selected in d a ta  and  in the  signal 
and  background M onte Carlo samples. Energy of a) the  electron, E angle, and  b) the 
photon, ; cosine of the  polar angle of c) the  electron, 9e, and d) the  photon,
0 7; e) norm alised sum  of the  electron and photon  longitudinal m om enta, |pz| / \ / s ;  f) 
rap id ity  of the  event, n.

15



>  
<D

o
UT>
O
To 
c
<D 
>  
UJ

p? (GeV2)

*

OQS0

VS (GeV)

Figure 4: D istributions of variables for events selected in d a ta  and  in the  signal and 
background M onte Carlo samples. a) Square of the  sum  of the  electron and  photon
transverse m om enta, p 2; b) cosine of the  electron scattering  angle in the  Ye1*1 rest 
frame, cos 9*] c) effective centre-of-mass energy, y/s'.
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Figure 5: Views of a high-energy candidate for quasi-real C om pton scattering  in the 
p lane transverse to  the  beam s, higher plot, and in a plane along the  beam s, lower 
plot. The towers represent the  energy deposited in the  electrom agnetic calorim eter 
and  the  boxes are low-energy clusters in the  hadron  calorim eter. The track  of the 
electron is clearly visible, while no track  is associated to  th e  o ther electrom agnetic 
cluster, identified as the  photon.
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,± 7  e±Figure 6 : M easured cross sections of the  7 e+ ^  7 e+, 7 e-  ^  7 e-  and  7 e 
process as a function of a) and  c) the  effective centre-of-mass energy for | cos 9* \ < 0 .8  

and b) and  d) the  rest-fram e scattering  angle for \ f s '  =  35 — 175 GeV. For c larity  
th e  m easurem ents for positrons in a) and b) are slightly displaced to  the  right. D ata  
collected a t e+e_ centre-of-mass energies 1/ s  =  188.6 — 209.2 GeV are considered 
and  the  QED predictions are also shown.
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Figure 7: Cross section of the  7 6 + —► 7 6 + process m easured as a function of the 
effective centre-of-mass energy, -s/s', for | cos 61*| <  0.8, com pared to  the  QED pre
dictions. The full d a ta  sam ple collected a t 1/ s  =  91.2 — 209.2 GeV is considered 
and  the  cosine of the  electron rest-fram e scattering  angle is lim ited to  the  range 
| cos 0 *| <  0 .8 .
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