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Abst rac t .  The  process  e + e- - -*e  + e -  #+ # -  has been 
s tudied  using the P L U T O  de tec tor  at  P E T R A .  The  
da ta  agree well wi th  Q E D  calcula t ions  to o rde r  e4. 
C o m p a r i s o n  is also made  with  the p red ic ted  l ep ton ic  
s t ructure  funct ion of the real  p h o t o n  using the deep 
inelast ic  e - 7  scat ter ing formalism.  

Introduction 

The reac t ion  e + e- - -*e  + e -  #+ # is an example  of an  
e4 Q E D  process  [-1]. Studies  of this process  have 
main ly  been m a d e  with near ly  real  pho tons  [2].  
Two exper iments  have also s tudied  the lep ton ic  pho-  
ton s t ructure  funct ion using highly vi r tual  p h o t o n s  
[3, 4]* .  

* A very preliminary evaluation of the leptonic structure func- 
tion, using ee and p#, has been given at the Madison Conference, 
AIP Conference Proceedings 68, Particles & Fields 22, 576 (1980) 
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Fig. 1. Kinematics of 7y~#/1 in the 
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interaction 

In this paper we cover the complete range in Q2 
from 0.1 to 100 GeV=, and present the data in vari- 
ous differential distributions, including the photon 
structure function. The four momentum squared, 
_Q2, of the tagged photon is determined from the 
angle, 0, and energy, E', of the scattered electron. 
The other photon is kept nearly real by restricting 
the corresponding scattered electron to small angles. 
The kinematic variables used are defined in Fig. 1. 

Measurements were taken using the P L U T O  de- 
tector at PETRA, with a total integrated luminosity 

of 38 p b -  1 at l//s = 35 GeV (s = 4Eb2e,m). 

The P L U T O  Detector and Data  Selection 

Details of the P L U T O  detector can be found in [5]. 
The following gives a brief description of those com- 
ponents of P L U T O  relevant to the present dis- 
cussion. 

(a) A central detector with 13 cylindrical pro- 
portional chambers in a magnetic field of 1.65T 
provides a momentum resolution of a(P)/P = 3 % - P  
(P in GeV/c) for charged particles. 

(b) Barrel and endcap shower counters with im- 
bedded proportional  tubes measure the position and 
energy of electromagnetic showers with angles great- 
er than 280 mrad with respect to the beam. 

(c) A muon identifier, with a 1 m thick iron had- 
ron absorber, contains a set of proportional and 
drift chambers by which track positions are mea- 
sured at two depths within the absorber. 

(d) Two forward spectrometers, each consisting 
of 5 multi-layer planar drift chambers and a septum 
magnet, with an integrated magnetic field of 0.2Tm, 
give a charged particle momentum resolution of 
o-(P)/P=3 %-P .  The spectrometers cover a cone 
from 90 to 250mrad in polar angle, with two dead 
regions due to the magnet septa extending to 
_+ 400 mrad in azimuth from the vertical. 

(e) The tagging system, which measures the en- 
ergies and angles of scattered e § and e - ,  is made up 

of the following lead-scintillator shower counter 
components. 

1) The Small Angle Tagger (SAT), 19.3 radiation 
lengths thick, covers the polar region 
28 < 0 < 60mrad. Immediately in front of the calori- 
meter are proportional  wire counters which define 
the impact position of incident charged particles. 

2) The Large Angle Tagger (LAT), 14.5 radiation 
lengths thick, covers 90 < 0 < 260 mrad. Track recon- 
struction in the forward spectrometer allows elec- 
t ron-photon separation. 

3) The End-cap Tagger (ECT), 10.3 radiation 
lengths thick, covers 280 < 0 < 950 mrad. The scatter- 
ing angle 0 is determined from the electron track as 
reconstructed in the central detector. 

Each of these three systems determines Q2 with 
an accuracy of 10 % from measurements of 0 and E'. 
The accessible Q2 ranges are 0.1 to 1.0 for the SAT, 
1 to 16 for the LAT, and 10 to 100GeV 2 for the 
ECT. 

Trigger 

A shower of energy >4 .0GeV in the LAT or 
>2 .4GeV in the ECT triggered the event read-out, 
independently of other detector components. To 
avoid unacceptable dead-time due to the high Bha- 
bha scattering rate in the SAT, the SAT trigger 
required at least one central detector track in coinci- 
dence with a shower of energy > 6  GeV in the SAT. 
Uniform trigger efficiency was obtained for central 
detector tracks with [cos0J<0.6 and transverse mo- 
mentum >200MeV/c.  The trigger efficiency for tag- 
ged two prong events was 98 ~ for ECT or LAT 
events and 88 % for the SAT tagged events. 

Event  Select ion and Par t ic le  Ident i f icat ion 

The primary requirements for event selection were 
that there be at least one tagged electron, and that 
there be two additional charged particles in the final 
state. 

The tag condition was defined as a SAT shower, 
or a LAT or ECT shower associated with a recon- 
structed track. In all cases the shower energy was 
required to be greater than 6.0 GeV. Cuts in the tag 
angular acceptance were applied to eliminate edge 
effects: SAT tags were restricted to 3 0 < 0 < 5 5 m r a d ,  
and ECT tags to 330< 0 <680mrad .  The LAT sam- 
ple had edge effects in 0 and (p removed by demand- 
ing 1 0 0 < 0 < 2 4 5 m r a d  and ]~o1>25 ~ away from the 
vertical, where ~o is the azimuthal angle around the 
beam axis. 

The final state was then required to have two 
oppositely charged tracks (excluding any tags) of 
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Fig. 2. Shower energy associated with muon tracks 

momentum greater than 0.9 GeV/c. Central detector 
tracks had to be consistent with having their origin 
at a vertex not more than 40mm from the beam 
interaction point. Forward spectrometer tracks were 
accepted if they gave a track fit through all five 
chambers. 

Following the above selection the two prong 
sample contained ee, ## and a few nTr pairs. All tracks 
were required to have a momentum >0.9 GeV/c 
to allow separation of electrons and muons using 
shower energy. If the energy deposited in the shower 
counter was <0.5 GeV then the track was identified 
as a muon. To be accepted as a # + # -  event both 
tracks had to be identified as muons. Figure 2, which 
shows the energy deposition for muons in the Barrel 
and LAT shower counters, demonstrates that there 
is a negligible loss of muons and no significant con- 
tamination of muon candidates by electrons. 

A final selection was made on the invariant 
mass, W, of the muon system and on the total un- 
associated neutral energy. Except for the ECT data 
in Fig. 5c, only invariant masses above 1.2 GeV are 
used in this analysis, since the data at lower masses 
contain backgrounds from ~ + n -  production and 
from # + # -  production by virtual bremsstrahlung. 
These processes are considered in more detail in the 
next section. In order to reject hadronic events, the 
total shower energy not associated with a track was 
required to be <0.1GeV. This cut was also efficient 
in reducing backgrounds due to z+r  - production. 
The final data sample, after the W cut, contained 
348SAT, 267LAT and 28ECT single tag events 
consistent with yy--*#+ # - .  

Background Processes 

The following backgrounds may be present in the 
sample of #+#  candidate events: 

(i) 
(ii) 
(iii) 
(iv) 
(v) 

a tag, 
(vi) 

(vii) 

77---~e+ e - ' 
7y---,h+h - ,  where h represents a hadron, 
7 ~/--.z + z - , 
7 y~multihadrons,  
e+ e - ~ #  + # -  7 where the photon simulates 

e + e-  --*multihadrons + 7, 
e + e - - - ~ + ~  -,  

(viii) e + e---*e + e-  #+ # -  by a virtual bremsstrah- 
lung process, 

(ix) beam gas interactions. 

The 77--,e+e - background (i) was determined 
from a data sample of 615 events containing at least 
one well-identified electron (excluding the tag) de- 
fined as a track associated with a shower of energy 
> 1 GeV and > [P]/2. The other track was classified 
as an electron or a muon as described previously. Of 
the 22 events in this sample classified as e - ~ ,  5 ~o 
were estimated from Monte Carlo studies to be due to 
"cz production, and the remainder were ascribed to 
e - #  misidentification. This could occur if an electron 
entered a gap between shower detector modules so 
that only a small fraction of the electron energy was 
detected. The probability that an electron be iden- 
tified as a muon was therefore found to be 0.017 
+_0.006. Since the tracks were measured indepen- 
dently the probability that an e + e -  final state could 
be identified as a di-muon event was (3+2) .  10 -4. 
This background was therefore neglected. 

The 7 7 ~ h + h  background (ii) may include pro- 
tons and kaons as well as pious. Data on these 
processes have been published by the TASSO, 
PLUTO and CELLO collaborations [6, 7]. Using 
the procedures described in [7], we have determined 
this background to be (2.5 _+ 1.0) ~o. 

Backgrounds from each of the processes (iii) to 
(vii) were studied using Monte Carlo event genera- 
tion with subsequent detector simulation and analy- 
sis selections. The reaction e + e - ~ # + # - 7  was simu- 
lated according to the program of Berends and 
Kleiss [8]. The annihilation to quark pairs, followed 
by fragmentation to hadrons, was generated using 
the program due to Ali et al. [9], modified to in- 
clude initial state radiation effects as calculated by 
Berends and Kleiss [10]. These processes can pro- 
duce a false tag from the radiated photon, from a n ~ 
decay photon, or from electrons arising from semi- 
leptonic decays. The total contamination due to pro- 
cesses (iii) to (vii) ranged from 0.5 ~o for the SAT, to 
1.4 ~o for the LAT and 4.5 ~o for the endcap tags. 

The beam-gas background was estimated from 
events whose vertex lay outside the region of col- 
lision of the e+e - beams and was found to be 
negligible. 
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Fig. 3. Feynman diagrams for a the two-photon process and b the 
Compton terms 

calculations outlined above, with and without ra- 
diative corrections. 

DATA MC MC (rad. corr.) 

SAT 348 _+ 19 373 _+ 13 346_+ 14 
LAT 267 _-4-16 282 _+ 12 294 _+ t4 
ECT 28_+ 5 29_+ 2 34_+ 4 

The Monte Carlo numbers include a statistical 
error and an error of 3 % due to uncertainties in the 
luminosity. There is good agreement with QED ex- 
pectations. 

I 0 0  . . . .  , . . . .  , . . . .  , . . .  ' " "  

In studying the two-photon process a contami- 
nation is possible from inelastic Compton 
(bremsstrahlung) diagrams (see Fig. 3b), which are 
characterised [11] by low final state invariant mass- 
es and high values of scattering angle of the final 
state electron. The cross-section for /~/~ production 
increases by about 1% when these diagrams are 
added to the two-photon diagrams. Although it has 
been suggested that such a background may be 
more significant in experiments with limited accep- 
tance [12], a Monte Carlo study of the background 
Compton processes showed that, for the region 
W > I . 2 G e V ,  they constitute less than 1% of the 
signal, even for the highest (2 2 interval. 

Comparison of QED Predictions and Data 

For the SAT, LAT and ECT data a prediction of 
the total and differential cross-sections for 
77~ + # -  was made using the Vermaseren program 
[13] which calculates the diagrams shown in Fig. 3a. 
Radiative corrections to these diagrams were calcu- 
lated using the the recently-developed Monte Carlo 
event generator of Berends et al. [14]. In view of the 
possible sensitivity to a Compton contribution at 
high Q2, the ECT data in Fig. 5c were also com- 
pared with a Monte Carlo generation [15] which 
included diagram 3b as well as 3a. The generated 
events were passed through a simulation program 
describing the effects of the detector resolution, par- 
ticle losses, and tracking through magnetic fields. 

Total Event Yield 

The table below gives the number of SAT, LAT and 
ECT single tag events found experimentally (DATA) 
together with the number predicted (MC) using the 

Events 
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60 
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. . . . . . .  i . . . .  , , , .  i , 
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LAT 
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Events 
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Fig. 4. Q2 distributions for the SAT, LAT and ECT. The solid 
line shows the predicted distribution including radiative correc- 
tions 



Ch. Berger et al.: Tagged Two Photon Production of Muon Pairs 253 

Differential Event Yield 

Distributions of various tag parameters were com- 
pared with Monte Carlo predictions based on QED, 
including radiative corrections, normalised to the in- 
tegrated luminosity of the data. All measured distri- 
butions agreed well with Monte Carlo predictions. 
In Fig. 4, for example, Q2 distributions are given for 
the three tag categories with, in each case, the pre- 
diction from the two photon diagrams with radiative 
corrections. Figures 5 to 8 show, together with simi- 
lar theoretical predictions, the differential distri- 

butions of W, the angle between the muons, the 
muon angle with respect to the beam and the muon 
transverse momentum squared with respect to the 
gamma-gamma axis in the/~# rest frame. 

The agreement between theory and experiment is 
good, demonstrating the validity of QED. The ECT 
events in the lowest invariant mass bin in Fig. 5c are 
attributed to the effect of the Compton terms, and 
constitute direct experimental evidence for virtual 
bremsstrahlung contributions to this reaction. Re- 
cent results from the PEP-9 collaboration [4] also 
support this evidence. 
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Fig. 5. The effective mass of the muon pair. The solid line is the 
distribution predicted for the two-photon process. The dotted line 
in (c) is the prediction from the sum of the two-photon and 
Compton processes 
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Fig. 6. Angle between the y+ and g in the laboratory for 
W > 1.2 GeV. The solid line is the prediction from the two-photon 
process 
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the laboratory for W > I . 2 G e V .  The solid line is the prediction 
from the two-photon process 
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Fig. 8. Distribution of muon transverse momentum squared with 
respect to the gamma-gamma axis, in the yp  rest frame, for 
W > 1.2 GeV. The solid curve is the two-photon prediction 

In spite of the small number of Compton events, 
further evidence was sought by examining the data 
for a forward-backward charge asymmetry, which 
could arise from the interference between mnon 
pairs from the Compton  and the 77 processes. We 
define N I and N b as the number of muons detected 
in the forward and backward hemispheres, where the 
forward hemisphere is defined by the direction of the 
beam which has the same charge as the muon. The 
asymmetry A is then defined as (N;-Nb)/(Ns+Nh), 
as in [3]. F rom our data we find A=(1  _3)~o. This 
is in agreement with the value of (2_+1)~o due to 
asymmetry of the apparatus which we derive from 

Monte Carlo studies based on zero interference be- 
tween the diagrams of Figs. 3 a and 3 b. 

Leptonic Structure Function of the Photon 

We have also analysed the data in terms of the 
leptonic structure function of the photon. Neglecting 
the Compton diagrams, as justified above, the cross 
section da(ee-~ee##) can be factorised into a cross 
section da(eT~ey#) multiplied by a flux factor for 
real photons. The e - 7  cross-section may be rewrit- 
ten [-11] in terms of the scaling variables x and y, 
and two leptonic photon structure functions 
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Fig. 9. The leptonic structure function of the photon. The curve is 
the QED prediction, calculated for the average Q2 of the LAT 
and ECT events respectively 

FL(X ' Q2) and F2(x, Q2) as 

da=(8~a2EE,/Q4){(1 +(1 -- y)2)Fz(x  , Q2) 

_yZ FL(X ' Q2)} dxdy  (1) 

where 

x = QZ/(Q2 + w2);  y = 1 - ( E ' / E )  cos 2 (0tag/2) 

and  E, Ev and  E'  are  the beam,  target  p h o t o n  and  
tag energies respectively.  In  the present  exper imenta l  
a r r angemen t  y2 is smal l  ( ( y 2 ) ~ 0 . 0 5 )  and  therefore  
the con t r ibu t ion  from F L is negligible;  thus this ex- 
pe r imen t  measures  F2(x, Q2). 

To extract  the quan t i ty  F2(x, Q2), M o n t e  Car lo  
events were genera ted  using a cons tan t  F 2 = c~, F L = 0 
and the a p p r o p r i a t e  # + p -  angu la r  dis t r ibut ion.  
These events s imula ted  the weight ing due to the 
p h o t o n  luminos i ty  funct ions and  the effects of the 
detector .  The d i s t r ibu t ion  of the da ta  in x d iv ided  by 
that  of the M o n t e  Car lo  s imula t ion  should  then 
result  in F2/~. (The k inemat ic  reso lu t ion  in the # #  
final state is good  enough for smear ing  effects to be 
ignored.) 

Two cross-checks were made  to verify the use of 
this procedure .  First ly,  the events genera ted  with the 
Vermaseren  t w o - p h o t o n  p r o g r a m  were c o m p a r e d  
with genera ted  events der ived  from a cross-sect ion of 
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the form (1) using an F 2 ca lcu la ted  f rom the y7- , /~/ t  
Q E D  cross sect ions [16] and the a p p r o p r i a t e  centre 
of mass  angu la r  d i s t r ibu t ion  for the muons .  N o  sig- 
nif icant  difference in event  yield or  shape of differen- 
t ial  d i s t r ibu t ions  was evident,  conf i rming the va l id i ty  
of factor isa t ion.  Secondly,  events were genera ted  
with  F 2 = c~x and  passed  th rough  the de tec tor  s imu- 
la t ion  and  analysis  cuts. F 2 was then de t e rmined  as 
descr ibed  above  using a M o n t e  Car lo  with a con- 
s tant  F 2. The  ex t rac ted  F 2 agreed  with  the input  F 2, 
again  conf i rming the val id i ty  of the p rocedures  used. 

W i t h  the cond i t ion  W2>~4M 2, where W is the 
invar ian t  mass  of the muon  pa i r  and  M is the m u o n  
mass,  Q E D  gives 

Fz(x ' Q2) = (0~/7c) {x Ix  2 -t- (1 - x )  2] In (WZ/M 2) 

+ 8 x 2 ( 1  - x ) - x + O ( 4 M z / W 2 ) } .  (2) 

Here  the mass  squared,  _p2,  of the target  p h o t o n  
r ad i a t ed  f rom the unde tec ted  e lec t ron  is t aken  to be 
zero. The  ex t rac ted  F2/c~ as a funct ion of x is shown 
in Fig. 9 for the L A T  and  ECT da t a  samples.  (The 
SAT da ta  sample  covers only the x range be low 
0.25, and  is not  shown.) The  sol id  lines show F2/g 
from (2), ca lcu la ted  using the mean  Q2 of the re- 
spect ive da t a  samples.  The  ag reemen t  of the da ta  
with equa t ion  (2) demons t ra t e s  aga in  the  va l id i ty  of 
Q E D  and  pa r t i cu la r ly  the a s sumpt ions  used in the 
ex t rac t ion  of F 2. 

Conclusion 

Two photon production of muon pairs has been 
measured over a Q2 range of 0.1 to 100GeV 2. The 
production of muon pairs is found to be well de- 
scribed by QED calculations of order ~4. 
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