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High energy electron-posi t ron storage rings offer 
the opportunity to measure the inclusive reaction e+e - 
-+ e+e - + hadrons. These reactions are usually inter- 
preted as hadron production by two virtual photons 
which are radiated from the incoming leptons (e+e - 
--* e+e-~,*7 * --* e+e - + hadrons). Experimentally these 
reactions can be easily separated from the annihilation 
processes (e+e - -+ 3'* -* hadrons) by detecting one of 
the outgoing leptons at small angles in the forward 
direction ("single tagging"). If  on the other hand the 
scattering angle of  the second lepton is kept very small 
by excluding events with an angle greater than e.g. 25 
mrad ("antitagging"), the radiated photon is practically 
on mass shell and purely transverse polarized. This is 
the kinematical situation of  electron scattering (lepton 
1 in ref. [1]) o f f a  real photon beam. 

The inclusive cross section for this process (e7 --* eX) 
is given by: 

do(e7 --* eX) = Pt [°t(Q 2, W) + eo~(Q 2, W)] dr21 dE~ . 

(1) 

The kinematical quantities are explained in ref. [1]. 
F t is the flux factor for the incoming virtual photons 
radiated from lepton 1 and e is a polarization parameter 
for the virtual photons, cr t is the total cross section for 
the scattering of  virtual transverse polarized photons off  
real photons and o~ the respective cross section for vir- 
tual longitudinal photons. P t and e are respectively 
given by: 

Pt = otE~ [1 + (1 - y)2]/27r202y,  (2) 

e = 2(1 - y ) / [ 1  + (1 _ y ) 2 ]  , 

with 

y = I - (E~/E) cos2(O 1/2) (3) 

as a measure for the relative energy of the virtual photon. 
The inclusive cross section for the reaction e+e-  -+ e + e -  
+ hadrons is then given by: 

o(e+e - -+ e+e - + hadrons) 

= do(e~' -+ eX) N(z,  O2max ) dz .  (4) 

N(z, O2max ) dz is the number of  incoming quasireal 
photons in the energy interval dz (z = E.,//E) radiated 
from leptons with a maximum scattering angle O2max. 
A standard expression is given by [2,3] : 

N(z,  O2max ) = (a/~rz){[1 + (1 - z) 2] 

X ln{(E/m)[(1 - z)/z] 02max) - 1 + z ) .  (5) 

A similar formula published in the literature produces 
numerical differences of  less than 5% for the experi- 
mental conditions accessible to our detector. The cross 
section definition for p h o t o n - p h o t o n  reactions (o t, oQ) 
agrees with ref. [1 ] and leads to the above expressions 
for F t and e which slightly differ from those given in 
our first paper [5], but do not contain any small angle 
approximations. F t N  exactly reproduces the single tag 
luminosity function given in formula (11) of  ref. [6]. 

In our previous publication [5 ], we presented cross 
section measurements up to values of  W of  6.5 GeV at 
(Q2) = 0.1 GeV 2. Our new data extend this range up 
to W = 8.5 GeV and Q2 = 0.6 GeV 2. The much higher 
number of  events allows for a detailed study of  the W 
and Q2 dependence. 

The experiment has been performed using the de- 
tector PLUTO at PETRA, the e+e - colliding beam 
machine at DESY. A description of the experimental 
set up can be found in refs. [5] and [7]. The data re- 
ported in this paper have been taken at beam energies 
between 15 and 16 GeV ((E) = 15.5 GeV) for an inte- 
grated luminosity of  2700 nb -1 as determined by the 
luminosity monitor.  

Hadronic events from e lec t ron-photon  scattering 
have been defined by the following conditions: 

(a) A tag signal on one side, i.e. we have requested 
a deposited energy of more than 4 GeV in one of t h e  
small angle taggers (SAT) of the forward spectrometers 
(23 mrad < O 1 < 55 mrad). 

(b) "Antitagging" on the opposite side, i.e. events 
with a tag signal in any part of  the opposite side forward 
spectrometer (small angle tagger and large angle tagger) 
have been rejected, thus keeping O2max < 23 mrad. 

(c) Three or more tracks in the central detector or 
2 tracks in the central detector and at least one shower 
which is not associated with the tracks (E n > 150 MeV, 
Lcos OnJ < 0.966). The two tracks have been defined 
by the following conditions: I cos Ohl[ < 0.629, PT 
> 350 MeV, Lcos Oh21 < 0 .866,p  T > 100 MeV, where 
PT is the transverse momentum,  O n and Oh i are the 
polar angles of  showers and hadrons relative to the 
beam axis. Two of the tracks in multitrack events are 
subject to the same conditions. 

After applying these cuts the contamination from 
beam-gas  scattering was approximately 15%. Using the 
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vertex position along the beam this background has 
been subtracted on a statistical basis. The resulting num- 
ber of events after all cuts is 488 -+ 27. 

The total cross sections o t and o~ depend on Q2, 
the mass squared of the virtual photon, and on W, the 
invariant mass of the hadronic system. Q2 has been 
determined from the energy and angle of the scattered 
lepton as measured in the SAT. Due to the fine granu- 
larity and the good energy resolution of the system the 
error in the determination of Q2 is rather small, typi- 
cally 15%. The invariant mass W of the hadronic system 
has been determined from the showers and tracks in 
the central detector assuming pion masses for all charged 
particles. Because of particle losses (due to the limited 
acceptance of our detector, reconstruction losses etc.) 
the visible invariant mass Wvi s is always lower than the 
true mass, typically by 15-20%. Our conclusions do not 
depend critically on the difference between W and Wvi s 
and thus an unfolding procedure has only been applied 
in the final step of the analysis (see below). 

We have calculated the detection efficiency via a 
Monte Carlo program simulating the electron-photon 
scattering process in the PLUTO detector. The angle 
and energy spectra of the outgoing leptons have been 
generated according to the formalism discussed above 
[formulae (2) and (5)]. For the hadronic part of the 
cross section (a t + eof~) we have used a multipion phase 
space model with limited transverse momentum (as 
familiar from other high energy hadronic scattering 
processes) and constant production rate, independent 
of  Q2 and W. Note, that the polarization parameter is 
practically constant (e ~ 0.95) in the kinematical range 
discussed in this paper, and it is thus impossible to sep- 
arate a t from o~. 

The detection efficiency has been found to depend 
critically on the transverse momentum cutoff. The in- 
clusive PT distribution for all our events is shown in 
fig. 1. A single exponential does not fit the data. They 
are well reproduced however, if 75% of the eventg are 
generated according to exp (--5p2T)and 25% according 
to e x p ( - l p  2) (solid line in fig. 1). The charged multi- 
plicity has been taken from low energy e+e - annihila- 
tion data [8-10]  (parametrized by n = 2 + 0.7 In W 2) 
and the ratio of charged pions to neutral pions has been 
taken as 2 : 1. The observed charged multiplicity and 
the observed number of showers is well consistent with 
the predictions from the Monte Carlo simulation. 

The resulting cross section is plotted versus Wvi s in 
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Fig. 1. Inclusive p~- distribution of the charged hadrons. The 
solid line is the prediction of the Monte Carlo simulation in- 
cluding the detector efficiency. 
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model is given by the solid line. 
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fig. 2, the visible invariant mass. Fig. 3a contains a t + eo£ 
as function of  Q 2 for levis < 3.5 GeV whereas in fig. 3b 
we show the same quantity for levis > 3.5 GeV. Fig. 3a 
also contains the result from ref. [5] ((Q2) = 0.1 GeV 2) 
measured at much smaller beam energies ((E) = 7 GeV). 
The errors given are statistical only, we estimate an addi- 
tional overall normalization error of  20% mainly due 
to uncertainties in the hadronic cross section model. It 
must be noted that in contrast to the annihilation chan- 
nel the probability for the detection of  two photon ini- 
tiated hadronic events is only in the order of  25% (not 
accounting for the tagging efficiency). This detection 
efficiency is approximately constant above levis = 2 
GeV and drops by a factor of  two at 1 GeV. The le 
dependence of  the data is relatively smooth, the cross 
section being practically constant above levis = 3 GeV 
and increasing by a factor of  2 - 3  towards the smallest 
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Fig. 3. The total cross section a t + ea£ as function of Q2 for 
Wvi s < 3.5 GeV (a) and for Wvi s > 3.5 GeV (b). The solid line 
is the prediction from P meson dominance. 

value of  Wvi s . It is quite obvious that the cross section 
drops with growing Q 2. 

For the following discussion we put aQ = 0 in accor- 
dance with the experience from electroproduction on 
hadronic targets. A rather flat le dependence can be cal- 
culated from theories applying the usual tools of  ha- 
dronic physics, specifically resonance-Regge duality 
and factorization. A "standard prediction" for ot(0, W) 
is [ 1 1 ] :  

ov7(W ) = at(0, W) = 240 nb + 270 nb GeV/W. (6) 

As a first guess one would assume the Q 2 dependence 
of  the cross section to be given by the/9-pole form 
factor 

or(Q2, W)=a~7 "F 2 =%7(1  +Q2/m2)-2. (7) 

Both the ledependence [formula (6)] and the Q2 depen- 
dence of  ot(Q2, W) [formula (7)] can also be derived 
from Vector Meson Dominance, VMD. 

The Q2 dependence for Wvi s < 3.5 GeV and for Wvi s 
> 3.5 GeV is well consistent with the/9 pole as is dem- 
onstrated by the solid lines in figs. 3a and 3b which each 
have been normalized to the number of  events in the 
plot. The statistics of  our data is too poor to distinguish 
between the p pole and a more complicated series of  
vector mesons as suggested by general VMD. 

We have further compared the expectation from 
VMD with the W dependence of  our results. The solid 
line in fig. 2 is the expectation after folding in the de- 
tector resolution. Although at higher levis the agree- 
ment is good [a t = (1.21 + 0.13) oVM b [formula (7)] 
for levi s > 3.5 GeV], the VMD curve can obviously 
not account for the increase at smaller levis. This we 
have already pointed out in our previous publication [5]. 

We have extrapolated the data to Q 2 = 0 using the 
p-pole ansatz and corrected for the difference between 
IV and levi s . In doing that we have used the following 
ansatz for the hadronic cross section 

ot(a 2, le) = [A(240 nb + 270 nb GeV/le) +B/W 2] F 2 . 
(8) 

The best fit to the measured invariant mass distribution 
was achieved forA --- 0.97 + 0.16 andB = 2250 + 500 
nb GeV 2 with x2/df = 0.5. This result is graphically 
represented by the hatched band in fig. 4 where we 
have plotted 077 versus the true invariant mass le. The 
limits represent the one standard deviation error of  the 
fit. 
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Fig. 4. The total photon-photon cross section extrapolated to 
Q2 = 0, versus the true invariant mass W. The hatched band re- 
presents the 1 standard deviation limits as obtained from the 
fit. The VMD prediction is given by the dashed line. 

It has been suggested [12] to include into the theo- 
retical predictions non-Regge terms like the quark box 
diagram, the magnitude of  which can be very roughly 
estimated by  (qi is the quark charge and mq its mass): 

Oquark = (41rot2/W 2) 3 ~ q4 ln(W2/m2q) (9) ~,.,/ . • 
I 

The most important  feature of  this predict ion is the 
1/W 2 dependence. Including u d s quarks with masses 
of  100 MeV the magnitude of  oq~ ark is 650 nb at W 
= 1 GeV. Note, that  for small values ofQ2/W 2 the Q2 
dependence of  the bare box diagram is given by  1 - 2 
X Q2/W2 which is weaker than the p form factor. It is 
thus not  certain if  the deviations from VMD at small W 
can be explained quantitatively by  a simple inclusion 
of  the box diagram [13]. 

In conclusion, we have measured for the first time 
hadron product ion in e l e c t r o n - p h o t o n  scattering for 

Q2 values up to 0.6 GeV 2 and over a wide range in W. 
The Q 2 dependence is properly described by VMD in 
its simplest form Co pole). Above Wvi s = 3.5 GeV the 
data are well consistent with the VMD predict ion whereas 
at smaller invariant masses a 1/W 2 term is needed which 
may qualitatively be understood as the contr ibution of  
point-like quarks. 
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