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The total photon-photon cross section for the production of hadrons, a3,3"(W, Q2), has been measured in the single-tag 
condition for 0.1 < Q2 < 1.0 GeV 2 and 1.5 < W < 10 GeV. The results are based on 2929 multihadton events obtained 
with the PLUTO detector at PETRA. The Q2 dependence of 03,3, averaged over W can be described by GVDM. The depen- 
dence of a,,/3" on the mass W of the hadronic final state has been extracted at Q2 = 0.44 GeV 2 by unfolding the effects of 
experimental resolution and acceptance. The cross section is found to rise at small W. The result is compared with VDM and 
the parton model. 

High energy e lec t ron-pos i t ron  storage rings allow 
the inclusive reaction e+e - ~ e+e - + hadrons to be 
measured. This type of  process can be interpreted as 
hadron production by two interacting virtual photons 
(713'2 -~ hadrons) radiated from the incoming leptons. 
Experimentally,  two-photon reactions can be identi- 
fied by detecting at least one of  the final state leptons 
(tagging). If  the second lepton is restricted to small 
angles 0 2 < O~ nax (antitagging) the photon radiated 
from this lepton is nearly real. The reaction is then 
equivalent to the scattering of  electrons off  a real 
photon beam. 

Under these conditions the inclusive cross section 
[1] e(e+e - ~ e+e - + hadrons) can be writ ten in 
terms of  o(e3' ~ e + hadrons) as 

do(e+e - -~ e+e - + hadrons) 

= do(e3' -~ e + hadrons)N(z,  O~ nax) dz 

with 

N3"(z, O~ nax) = (Ot/.)z -1 

× ([1 + (1 -- Z) 2 ] in [E(1 - z)O~aX/me z] 

- ( 1  - z ) ) ,  

describing the flux o f  quasi-real target photons with 
fractional energy z = E3"]E (E = beam energy). The 
relation between Oe~ and 03", r is given by 

do(e3' ~ e + hadrons) = FT a3",r(W , Q2) d~2, 

where _Q2 is the mass squared of  the virtual photon 
(the probe photon)  radiated by the tagged lepton and 
W is the invariant mass of  the hadronic final state. The 
quanti ty F T describing the flux of  transversely polar- 
ized virtual photons is related to the measured kine- 
matic parameters (El ,  O1) of  the tagged lepton 

r T = ctE 1 [1 + (1 -y)2]/27r2Q2y,  

y = 1 - (E1/E) cos2(O1/2) .  

The total  cross section a3"3"(W, Q2) measured for single 
tag events can be written as 

o3"3"(W, Q2) = OTT(W, Q2) + eOTL(W ' Q2) ,  

where OTT is the cross section for interaction between 
a transversely polarized photon and a real photon,  and 
OTL is the cross section for interaction between a lon- 
gitudinally polarized photon and a real photon.  The 
ratio o f  the respective photon fluxes is 

e = I 'L /P  T = 2(1 - -y ) / [ 1  + (1 _ y ) 2 ] .  

For  the conditions of  this analysis e differs little from 
unity ((e) = 0.98). 

Only one measurement [2] of  the W and Q2 depen- 
dence of  the total  p h o t o n - p h o t o n  scattering cross 
section o3"3"(W, Q2) has been published. This measure- 
ment was made in the kinematic region 0.1 < Q2 
< 1.0 GeV 2 and 1.5 < W <  10 GeV. In the present 
paper we report on a measurement o f  03"3" in the same 
kinematic region but  with significantly increased statis- 
tics using an apparatus with improved acceptance for 
p h o t o n - p h o t o n  interactions. The cross section o3", r 
has been determined as a function of  W and Q2 using 
2929 single-tagged hadronic events which correspond 
to an integrated luminosity o f  19 pb -1 .  The events 
were obtained with the PLUTO detector  at the e+e - 
storage ring PETRA at an e+e - center of  mass energy 
of  34.6 GeV. 

Details of  the PLUTO detector have been given 
elsewhere [3,4], so we briefly discuss only those com- 
ponents relevant to this study. Charged particles are 
detected and their momenta  are measured in either the 
central detector,  which consists of  cylindrical propor- 
tional chambers in a 1.65 T solenoidal magnetic field, 
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or two forward spectrometers, which are each com- 
posed of arrays of drift and proportional chambers 
and a 0.2 T m septum magnet. The central detector 
covers the polar angular range 25 ° <~ O ~< 155 ° and the 
full azimuth. The forward spectrometers cover the 
region 5 ° ~ 9  ~< 15 ° (and symmetrically, 165 ° ~< O 
<~ 175 °) and 85% of the full azimuth. The momentum 
resolution of both the central detector and the for- 
ward spectrometers is op/p = 3%-p (p in GeV/c). 
Photons are measured in the barrel, endcap and for- 
ward (LAT) lead-scintillator shower counters, which 
cover 99% of the full solid angle. 

The scattered electrons are measured in small-angle 
taggers (SAT's) which cover the polar regions from 30 
to 55 mrad. The SAT's are lead-scintillator shower 
counters with energy resolution oE/E = 16.5%/vrff, 
(E in GeV). Each SAT is azimuthally segmented into 
twelve 30 ° modules, the signal from each of which is 
read out at the inner and outer radial edges using 
wavelength shifter bars. These signals, together with 
energy sharing between modules, provide a good mea- 
surement of the shower position. Proportional tube 
chambers in front of the SAT's improve the position 
resolution and distinguish between charged particle 
and photon showers. The Q2 resolution in the SAT is 
0(02)/02 = 10%. 

The experimental trigger for single-tagged events 
was made as loose as possible. The trigger required a 
SAT shower energy of at least 6 GeV in conjunction 
with at least one track in the central detector. This 
track trigger condition was fully efficient for tracks 
at I cos(O) I < 0.8 and with momenta transverse to the 
e+e - beam axis greater than 150 MeV/c. 

The following event selection criteria were defined 
in order to optimize the acceptance and minimize the 
background contamination: 

(1) Tag definition. One isolated energy cluster in 
the SAT with E > 8 GeV was required to be associ- 
ated with a hit in the tube chambers in front of the 
SAT. To avoid edge effects the position of the shower 
was restricted to a fiducial area corresponding to an 
angular range 32 < (9 < 55 mrad. 

(2) Antitag condition. To keep the mass of the 
target photon small, a veto against double-tag events 
was applied. No additional energy cluster of more 
than 4 GeV was allowed in the SAT or in the LAT 
opposite to the tag. 

(3) Hadronic final state. A multihadronic final state 

was required to have either 2 charged particles with 
momenta transverse to the beam PT > 150 MeV/c 
(tracks) and at least 1 photon ( E >  150 MeV) or at 
least 3 tracks, At least one inner detector track with 
PT > 200 MeV/e was required. To reduce the back- 
ground from leptonic QED processes, particles identi- 
fied as electrons by the correlation between momen- 
tum and shower energy were not included in the track 
count. The visible invariant mass Wvis, reconstructed 
from the measured charged and neutral particles in the 
final state, was required to be between 1.2 and 10 GeV 
to maintain a good acceptance and to eliminate e+e - 
annihilation events. 

To determine the background contamination in the 
selected event sample the following sources were con- 
sidered: 

(a) Beam-gas events. 
(b) 17 events: e+e - ~ ee,/a/z, rr, hadrons. 
(c) 23' QED events: 3'7 -~ ee,/z/a, fT. 
The beam-gas background was determined from 

the data using the side bands of the event vertex distri- 
bution along the beam, and found to be small (4%). 
Backgrounds (b) and (c) were studied in detail by 
Monte Carlo (MC) calculations. The 13' annihilation 
background is calculated to be less than 0.3% mainly 
because of the requirement of a high energy electron 
identified by the SAT. The most important background 
in category (c) is rr  production (1.5%). The sum of all 
background sources (a)-(c) amounts to 6.7% of the 
selected event sample and was subtracted from it. 

The resulting data sample covers the Q2 range 0.1 
< Q2 < 1 GeV 2 with an average Q2 of 0.44 GeV 2. 
The antitag condition (with G~ ax ~ 30 mrad) restricts 
the target photon mass to be small ((/92> = 0.017 GeV2). 
The event acceptance in the Q2 range considered rises 
from 15%at W=2 GeVto 50% for W> 4GeV. 

The evaluation of o,r,r(W , Q2) is difficult for several 
reasons. Firstly, in contrast to e+e- annihilation pro- 
cesses, the hadronic final state mass W is variable in 77 
processes; W is therefore not a priori known, but has 
to be reconstructed from the observed hadrons. Due to 
particle losses and the finite resolution of the detector, 
the measured invariant mass Wvi s is on average 27% 
lower than the true mass W, with an RMS resolution 
OW/Wvi s = 26%. Secondly, the evaluation of the multi- 
hadron acceptance after data selection depends on the 
assumed fragmentation of the 3'7 system into hadrons. 
In the following we outline the procedure used to 
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obtain the dependence of a./~ on the true value of IV. 
Monte Carlo events were generated according to 

the photon fluxes described above with o.t~ set to a 
constant. A model for the fragmentation of the 3'3' 
system into hadrons was developed. In this model a 
multipion final state was generated with mean charged 
and neutral multiplicities given by 

(n-+)=2.0X/'W, (nO) = 1.3x,/-W -" (IVinGeV). 

For a given mean multiplicity the event multiplicities 
were generated according to KNO distributions [5] 
similar to those found in e+e - annihilation [3]. The 
distribution of the transverse momenta PT of the 
pions relative to the 3'3' axis was best described by a 
IV dependent mixture of isotropic phase space (IPS) 
and limited PT phase space (LPS). From pure IPS, 
generated below 3 GeV, the fraction of LPS was in- 
creased to 90% above 5 GeV. LPS events were gener- 
ated in the same way as IPS events but with an addi- 
tional weight factor of exp(-5p 2) for each pion. 

In an unfolding procedure the mapping from IV to 
levi s was determined by a MC simulation which in- 
cluded both the 3'3' fragmentation and the detector 
response. This mapping was then inverted [6] in a way 
which enforced smoothness of o.l~(IV ) and thus 
avoided the enhancement of the random fluctuations 
which usually occurs in the matrix inversion in such 
a procedure. 

The reliability of the unfolding procedure for the 
PLUTO detector was verified by simulating events 
with an assumed photon-photon cross section and 
then extracting o,rr using the unfolding procedure 
described above. Good agreement between the input 
cross section and the cross section determined in the 
unfolding procedure was achieved. 

To adjust the fragmentation parameters and to test 
the fragmentation model, various experimental distri- 
butions were compared with the MC simulation (which 
used the cross section finally obtained from the un- 
folding procedure). Figs. la and lb show as examples 
the inclusive p2 distribution of charged particles and 
the charged multiplicity distribution for the full IVvis 
range. In both cases the fragmentation model describes 
the data well. Similar good agreement was found in 
sub-regions of IVvis. The IVvis distribution (fig. lc) is 
also well reproduced. 

The sensitivity of the unfolded o,rt to the details 
of the hadron fragmentation was studied by varying 
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Fig. 1. Uncorrected experimental data (points) compared with 
the Monte Carlo calculation (histogram) obtained with the 
extracted cross section tr3,. r and the fragmentation model de- 
scribed in the text; (a) inclusive charged particle p~ (transverse 
momentum relative to the beam axis), (b) charged particle 
multiplicity and (e) measured invariant mass Wvi s. 

the fragmentation parameters with respect to their op- 
timal values described above. By varying the fragmenta. 
tion parameters in such a range that the measured fmal 
state particle distributions were still well reproduced, 
the systematic uncertainty in the event acceptance was 
estimated. The resulting systematic error on o.r~ was 
found to be 15% for 2 < W < 8  GeV and 25% for W 
< 2 GeV and IV > 8 GeV. These systematic errors in- 
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Fig. 2. The Q2 dependence of the total photon-photon cross 
section averaged over 1.2 GeV < Wvi s < 10 GeV. The full 
curve describes a fit of the GVDM function, the dashed one of 
the p propagator ansatz. 

Table 1 
W dependence of a,r.y measured at Q2 = 0.44 GeV 2 and 
extrapolated to Q2 = 0 GeV 2 using GVDM. For Q2 = 0.44 
GeV 2 the first and second errors are the statistical and sys- 
tematic errors, respectively. For Q2 = 0 GeV 2 the errors are 
the statistical and systematic errors added in quadrature. 

W (GeV) a.r~, (nb) 

Q2 = 0.44 GeV 2 Q2 = 0 GeV 2 

1.5- 2 3 0 9 - 2 1 ± 7 7  627± 163 
2 - 3 241± 11±24 489± 54 
3 - 4 182±14±27 369± 62 
4 - 6 144e 17±22 293± 56 
6 - 8 107±24±21 218± 66 
8 -10 125 ± 39 ± 31 254 ± 102 

clude also variations found in a ~  when applying differ- 
ent event selection criteria (e.g. excluding events with 
two tracks and a shower in the final state). 

The Q2 dependence of  o.t~ was obtained by deter- 
mining the ratio of  data and MC event yields, where 
the MC sample had been generated with a cross section 
a~. / independent of  Q2. Fig. 2 shows the dependence 
of  a.r. r on Q2 averaged over the whole accepted region 
in the hadronic final state masses (1.2 < Wvi s < 10 
GeV). We compare the Q2 dependence of  the data 
with two commonly used functions. As a first approxi- 
mation it has been assumed that  the Q2 dependence 
of  the cross section is given by the p propagator 
squared 

Fo(Q2 ) = [1/(1 + Q2 /m2)12 . 

This ansatz, motivated by the Vector Meson Dominance 
model (VDM), neglects contributions from higher mass 
vector mesons and assumes that  the cross section for 
longitudinal polarized photons vanishes. An alternative 
form, without  these assumptions, is the generalized 
vector meson dominance model (GVDM) [7] : 

2 2 2  FGVDM(Q 2) = ~ [ru(1 + Q2/4m2)/(1 + a /mo) ] 
+ 0.22/(1 + a2/m2), 

with u = p, co, ~ and rp = 0.65, rto = 0.08, r~ = 0.05, 
m 0 = 1.4 GeV. 

In fig. 2 fits o f  the form o,r t (Q 2) = a "F (Q 2) to the 
data are shown. Under the assumption that the data 
can be entirely described by VDM-like models, it is 
evident that  the data fit the GVDM function (x2/nD 
= 5/6) bet ter  than the p ansatz (x2/nD = 33/6). We 

have investigated whether the Q2 dependence of  o,r~ 
varies with W. We found that  both  low (Wvi s < 3 GeV) 
and high (Wvi s > 3 GeV) W events have Q2 distribu- 
tions that are consistent with FGVDM(Q2). 

The function FGVDM(Q 2) was used to interpolate 
the cross section within the accepted Q2 range to deter- 
mine a,r.y(14 o at our central value o f Q  2 = 0.44 GeV 2. 
Using other functions (flat or p propagator) for the 
purpose of  interpolation yielded indistinguishable 
results. The cross section o.r,r(W, Q2 = 0.44 GeV 2) is 
shown in table 1 and fig. 3. The inner error bars in 
fig. 3 describe the statistical errors only, whereas the 
full error bars show the systematic and statistical errors 
added in quadrature. Table 1 shows also the cross sec- 
t ion extrapolated to Q2 = 0 GeV 2 using the GVDM 
function. These measurements agree with those of  ref. 
[2] within errors provided the same function is used 
for extrapolat ion to Q2 = 0 GeV 2. 

Theoretical predictions for a.r7 have been derived 
within the Regge pole model  using factorization and 
the high energy behaviour of  pho ton -nuc l eon  and 
nuc leon-nuc leon  scattering. An early a t tempt  [8] to 
evaluate a_ "r in this VDM motivated approach has 
given o~(TW, Q2 = 0) = [240 + 270/W(GeV)] nb. The 
dashed line in fig. 3a shows this prediction evaluated 
at Q2 = 0.44 GeV 2 using FGVDM(Q2). It is evident 
that this model  is in disagreement with the data at low 
W. Recently this VDM motivated method has been 
extended [9] to include in the factorization procedure 
phase space and flux corrections, which are not  negli- 
gible at low W values. The band in fig. 3a shows the 
corresponding prediction. The measured cross section 
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Fig. 3. The total photon-photon cross section as a function 
of the true value of the f'mal state hadronic mass W at Q2 
= 0.44 GeV 2 . The inner error bars show the statistical errors 
only, whereas the full error bars include the systematic errors 
added in quadrature. (a) The dashed line represents the cross 
section [240 nb+ 270 nb/W (GeV)] -FGVDM(Q2). The band 
represents the prediction of ref. [9]. (b) The dashed line shows 
the QPM prediction, while the full line describes a sum of 
QPM and a g-independent cross section of (120 ± 14) nb. 

is described satisfactorily overall, although at high W 
the data tend to lie below the prediction. 

We have investigated whether all the rise of o~. t at 
low W could be explained by a point-like p h o t o n -  
quark coupling. The point-like contribution to o ~  
(dashed line in fig. 3b) has been calculated for the 
quark-par ton  model (QPM) using the formula given 
in ref. [ 1 ] for the production of u, d, s and c quarks 
in 77 scattering. The u and d quark masses were both 
taken to be 300 MeV, the s quark mass 500 MeV and 

the c quark mass 1.6 GeV. The full line in fig. 3b cor- 
responds to a fit in which the QPM contribution is 

added to a constant term (o.r7 = oQp M + A ) w i t h  A 
= (120 -+ 14) nb. Although the fit describes the data 
well (x2[nD = 4/5), the systematic deviation of the 
data from the fit might suggest a somowhat steeper W 
dependence than expected from QPM alone. 

In conclusion, we have measured the total p h o t o n -  
photon cross section o,rr(W, Q2) for Q2 values up to 
1 GeV 2 over a range of tit between 1.5 and 10 GeV. 
The Q2 dependence averaged over W can be described 
by GVDM. The W dependence of o ~  has been deter- 
mined at Q2 = 0.44 GeV 2. The cross section rises at 
small W. The W dependence of the data is compatible 
with a prediction [9] motivated by VDM or with QPM 
plus a W independent hadronic component. 
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