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Hard processes in photon-photon collisions are studied using high statistics data without requiring an electron tag. A 
high yield of hadrons with Pt in the range 1.5- 3.0 GeV/c is observed. This yield exceeds the expectation of the Born term 
by a factor of four. 

The experimental  study of  hard p h o t o n - p h o t o n  
collisions probes fundamental  QCD processes [1]. 
Such processes lead to events characterized by the pro- 
duction o f  hadrons with high Pt, where Pt is the trans- 
verse momentum of  the hadrons with respect to the 
electron beam direction. The lowest order process is 
described by  the quark exchange diagram (Born term): 
3'3' ~ qc~ ~ two jets. Some experimental results con- 
cerning the above process have already been reported 
[ 2 - 4 ]  *1. These results were based mainly on low sta- 
tistics single-tag events. They have shown that hard 
processes in 3'3' scattering are observed at lower CM 
energies than in h a d r o n - h a d r o n  scattering. The rate 
at which large Pt hadrons are produced was found to 
be higher than expected by  the Born term contribution. 

In this paper we present an analysis of  hadron pro- 
duction in untagged photon photon collisions, i.e. 
where the scattered electrons are not  necessarily de- 
tected. The use of  untagged events is motivated by the 
need for high statistics. Moreover, untagged events 
probe in general another physical region (Q2 ~ 0 for 
both  photons where _Q2 is the virtual photon invari- 
ant mass squared) and might be sensitive to processes 
that are suppressed in the single-tag mode where one 
of  the photons has a non-negligible Q2 (Q2 > 0.2 
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GeV2). The use of  untagged events has, however, the 
disadvantage o f  introducing a large background of  
e+e - annihilation ("13'") events. We show that with a 
suitable selection of  cuts this background can be re- 
duced to a tolerable level. 

We analysed two-photon events measured by the 
TASSO detector  at the e+e - storage ring PETRA. A 
description of  the detector has been given elsewhere 
[6]. The data were collected at beam energies of  1 5 -  
18.3 GeV with a total  integrated luminosity of  71 
pb-1 .  The present analysis includes only charged par- 
ticles measured in our tracking detector.  Detection of  
scattered electrons in the forward detectors was not 
required but  tagged events were not rejected. Charged 
tracks were accepted if Icos 0 I < 0.87, where 0 is the 
polar angle between the particle and the positron di- 
rection, and if their transverse momenta  with respect 
to the beam axis (Pt)  were larger than 0.1 GeV/c. The 
trigger conditions required for most of  the data two 
tracks with Pt > 0.25 GeV/c and for a smaller subsam- 
ple four such tracks. In order to restrict ourselves to 
mult ihadron final states well within the trigger accep- 
tance, event candidates were required to have at least 
4 tracks, of  which at least one had to have Pt > 0.3 
GeV/c and Icos 01 < 0.82, and two others had to have 
Pt > 0.2 GeV/c and Icos 0 1 <  0.84. 

To reduce the background due to beam gas scatter- 
ing, tau pair production and e+e - annihilation the fol- 
lowing cuts were made: 

{1) Beam-gas scattering. Events containing at least 
one proton identified in the inner time of  flight coun- 

ters (with momentum 0.3 < Pproton < 1.4 GeV/c) 
were rejected. In addition the event vertex was requir- 
ed to be within 6 cm of  the interaction point along 
the beam direction. These cuts reduced the beam-gas  
contamination to a level of  1% of  the final sample to 
be defined below. 

(2) Tau pair production. Using the sphericity axis 
each event was divided into two hemispheres. All 
charge balanced events with topologies of  1 against 3 
or 3 against 3 tracks, where the 3 track system had an 
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invariant mass smaller than the tau mass and a net 
charge [ZQI = 1 were rejected. The remaining sample 
is almost free from 7~ contamination originating from 
the "17" process. The fraction of genuine two-photon 
events lost in the final sample due to those cuts was 
estimated by Monte Carlo calculations. It amounts to 
less than 1% of the Born term contribution and to 
~6% of the VDM contribution. The contribution of 
the QED process 77 -* 7~ was calculated by Monte 
Carlo and found to be less than 5% of the final sample. 
It was subtracted together with the other backgrounds 
in the appropriate distributions. 

(3) e+e annihilation. For untagged events the con- 
tamination by the annihilation process is severe, par- 
ticularly in the region where particles are produced 
with high Pt- Whereas annihilation events in general, 
are characterized by having a total detected energy 
close to the available CM energy, this is not the case 
for untagged two-photon events where most of the 
energy is carried away by the undetected electrons. 
Hence a cut in the distribution of the measured total 
energy should allow a separation between the two pro- 
cesses. However, for the present analysis this separa- 
tion is less effective since "17" annihilati n may sim- 
ulate such high Pt "27" events in several ways. 

(a) A hard photon is radiated from the initial state. 
(b) Many of the charged particles escape the accep- 

tance of the tracking devices. 
(c) The neutral to charged energy ratio of the event 

is large. 
(d) Double bremsstrahlung takes place in the initial 

state. 
To reduce the contamination due to (a), all events 

with a momentum component along the beam axis 

(ZPz) satisfying I ZPz I > 0.3 Pb, where Pb is the in- 
coming electron beam momentum, were rejected. The 
contamination due to (b) and (c) was reduced by re- 
quiring that accepted events should have a total charge 
balanced within two units and the net momentum 
component perpendicular to the beam direction (ZPt)  
satisfying I XPt I < 0.25 Pb- The effect of these cuts on 
the number of detected two photon events is small 
(loss of 13% of the final sample). The contribution of 
(d) was estimated using the equivalent photon approx- 
imation. It was found to be less than 2% of the final 
sample and is therefore neglected. 

In addition to the background processes (1) (3) 
another potential contributor is Bhabha scattering 
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Fig. 1. (a) (% I p l /p  b) dis t r ibut ion for al l events. The solid line 
is the expected cont r ibu t ion  o f  the " 1 7 "  events. (b) (%[ p l /Pb) 
distribution for all events containing one or more tracks with 
Pt > 1.50 GeV/c. The solid line is the expected contribution 
of the "17" events and the dashed lines indicate the systematic 
uncertainty. The shaded area represents the "17" events pro- 
duced with a hard bremsstrahlung photon such that the effec- 
tive mass of the hadronic system is below 12 GeV. (c) As (b) 
but after subtracting the "11"", 77 -+ ~'~, and VDM contribu- 
tions. The band shows the maximal variation that can be ob- 
tained by varying the fragmentation parameters in the Born 
term calculation. 

with a virtual photon converting into a hadronic sys- 
tem. The contribution of this process was estimated 
following ref. [7] and was found to be smaller than 
1.5% of the final sample. 
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Fig. la  shows the sum of the absolute momenta for 
detected charged particles, normalized to the beam 

momentum (NIP I/Pb) for events satisfying the above 
mentioned cuts. The solid line is the background esti- 
mation due to the "17" annihilation process. For this 
purpose we have used the Hoyer et al. [8] event gener- 
ator with first order QCD corrections and including 
QED radiative effects [9]. The generated particles were 
then traced through our detector. It can be seen from 
fig. la that the observed charged energy for annihila- 
tion events is typically high, hence a cut of 2; IP] < 0 . 4  

Pb was applied. 
As was mentioned above, hard processes are expect- 

ed to dominate in final states containing particles pro- 
duced with high Pt. Fig. 2a shows the distribution of 
dN/dp  2 as a function o f p  2 of the charged tracks for 

accepted events. In the low Pt region the data exhibit 
a strong fall with increasing Pt" This feature is expect- 
ed from peripheral ~'7 scattering as predicted by the 
Vector Dominance Model (VDM), which describes 
two-photon processes in terms of the scattering of two 
vector mesons. This process was simulated by generat- 
ing a multipion phase space with limited transverse 
momentum. The Pt dependence was described by an 
exponential in Pt of the form do/dp 2 = a exp ( -bP t ) ;  
the average charged multiplicity was parametrized by 
n = c 1 + c 2 exp[c 3 (ln 4 W;q,) 1/2 ] where lg.y~, is the 
3,3' CM energy. Best agreement of this model with the 
data for Pt smaller than I GeV/c was obtained by 
choosing b = 4 GeV 1, e l  = 3.96, c 2 = 0.0029, c 3 = 
2.85 and the ratio of neutral to charged multiplicity 
of-}. The dashed line in fig. 2a shows the prediction 
of this parametrization and the dashed-dot ted line 
shows the results of the "17" computation. It can be 
seen that the data exceed the sum of these contribu- 
tions for Pt > 1.50 GeV/c. The same conclusion can 
also be reached from fig. 2b where the p2 distribution 
is plotted after subtracting the " IT"  contribution and 
compared again to the VDM (dashed line). The large 
excess of events in the highPt region was found to be 
insensitive to variations of the VDM Monte Carlo pa- 
rameters. This was checked by varying (a) the Pt pa- 
rametrization (the b parameter was varied between 4.0 
to 6.0 GeV -1 +2), (b) the multiplicity (e 1 was varied 

,2 Our data for Pt < 1 GeV/c are consistent with a b param- 
eter of 5 GeV -1. To obtain a conservative estimate on the 
VDM contribution at large Pt, we used a b value of 4 
GeV -1. If instead the Pt distribution of VDM is assumed 
to follow the ISR data of ref. [10] and normalized to our 
data at Pt = 1 GeV/e, also less events are predicted by 
VDM in the large Pt region. 
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Fig. 2. (a) dN/dp~ versus p~ distribution of all the tracks in 
the event. The events are required to have E Ipl/pb < 0.4. The 
dashed line is the expected VDM contribution (see text) and 
the dashed-dotted line describes the l'y calculation. (b) Same 
as (a) but after subtracting the "Iv" contribution. The dotted 
fine is the expected VDM contribution. (c) Same as (b) but 
after subtracting the 30' ~ r~ and the VDM contributions. The 
band shows the maximal variation that can be obtained by 
changing the fragmentation parameters in the Born term cal- 
culation. 
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between 3 to 4.5), (c) the ratio of  neutral to charged 
particle product ion (this ratio was varied between 1 
to -~) and by using (d) a gaussian Pt dependence in- 
stead of  the exponential  one. To investigate hard ~'7 
processes we shall hence restrict our final sample to 
events having at least one particle with Pt > 1.50 GeV/c. 
This leaves a total  of  1491 events *3 

Fig. lb shows again the (22 Ip I/Pb) distribution for 
events containing at least one track wi thP t  > 1.50 
GeV/e. The two peak structure demonstrates that the 
separation between "17"  and 'h'~"'  processes is pos- 
sible even for events containing highPt  tracks. For 
comparison the same distribution is shown for the 
"17"  Monte Carlo simulation (solid line). The "17"  
distribution was normalized in the region of  22 Ip I/Pb 
> 0.50, where it agrees well with the shape o f  the 
high Y~ I P I/Pb peak. This procedure agrees with the ab- 
solute normalization of  the "17" Monte Carlo to with- 
in 2% which is well within our systematic error of  
10% (band width of  the "17" curve in fig. lb)  for this 
background. The estimation of  the systematic error 
comes from a Monte Carlo study of  the "17"  channel 
in which different values o f  the fragmentation and 
QCD parameters were used. The ratio of  events having 
2~ Ipl < 0.4 Pb to those with Y~ IP [ > 0.5 Pb was calcu- 
lated and found to be, within 10%, constant under 
reasonable changes of  the strong coupling constant C~s, 
and of  the fragmentation parameters af, Oq and P/ 
(P + V), as defined in the F i e l d - F e y n m a n  prescription. 

Initial state bremsstrahhing is highly reduced by 
the above mentioned Y~Pz cut. Nevertheless it could 
still be the source of  additional systematic errors if 
the hadronic final state is produced in an energy re- 
gion that might not be well described by  our "17"  
event generator. However, at most 10% of  the generat- 
ed and accepted "13'" events in the 22 [pl < 0 . 4 p  b 
(shaded area in fig. lb)  had an effective e+e - CM ener- 

*3 In the present analysis the Q2 distribution can only be in- 
ferred from Monte Carlo simulations and has been checked 
with the forward detectors. This estimation has been done 
conservatively using the Born term, since this gives the 
weakest Q2 dependence. This computation predicts that 
for 75% of the events the maximum Q2 will be smaller 
than 0.2 GeV 2. Moreover, the simulation predicts that 7% 
and 5% of the events will be tagged in the forward and end 
cap detectors, respectively. These rates are found to be 
consistent with the results obtained from the subsample 
of the data which could be checked in this way. 

gy below 12 GeV. It is therefore concluded that the 
main contr ibution to the "17" background comes 
from events in which the two jets are produced along 
the beam direction and only a fraction of  the particles 
are within the geometrical acceptance. This type of  
background, being geometrical in origin, can be reli- 
ably computed with the "17" Monte Carlo. 

The simplest diagram of  a hard "77"  process is the 
Born term leading to the production of  two jets. The 
Vermaseren event generator [ 11 ] was used to simulate 
this process where instead of  producing lepton pairs, 
fractionally charged quarks were generated. The final 
state hadrons were generated by fragmenting the 
quarks using the F i e l d - F e y n m a n  prescription and 
tracing them through the detector.  The quark masses 
are free parameters in this procedure. The values used 
were 3 0 0 , 3 0 0 , 5 0 0  and 1500 MeV for u, d, s and c 
quarks, respectively. Although large differences in the 
total cross section are obtained for different quark 
masses, the number of  accepted events after detector  
simulation and the cuts mentioned above is approx- 
imately constant down to light quark masses of  10 
MeV. Other variables in this model are the standard 
fragmentation parameters [af, Oq and P/(P + V)]. 
Since the fragmentation characteristics of  low energy 
jets are not well known, the parameters were varied in 
the following range: af and P/(P + V) between 0.25 
and 0.70; and Oq between 0.3 to 0.5 GeV/c. The Born 
term calculations are therefore given as bands corre- 
sponding to the extreme values obtained with these 
fragmentation parameters. 

Fig. 2c shows the dN/dp 2 distribution as a function 
o f p  2 after subtracting besides the "13"' and the 3'7 

r f  also the VDM contribution. The band describes 
the expectat ion of  the hard processes due to the Born 
terms as discussed above. It can be seen that both  dis- 
tributions have similar shapes however the data exceed 
the Born term calculations by a factor of  about four 
for 1.5 < Pt < 2.3 GeV/c. This large disagreement is 
not due to events having a large number of  high Pt 
tracks, since a similar excess occurs also in the distribu- 
tion whereas only the highest Pt track in the event is 
considered. 

Fig. l c compares the 221P I/Pb distribution for the 
subtracted data with that expected for the Born term 
(shaded band). The largest disagreement with the Born 
term is found in the region of  low visible energy, 0.25 
< Zip I/Pb < 0.4. The large excess of  events over the 
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Fig. 3. Pt dN/d~ distribution where ~o is the angle in the plane 
perpendicular to the beam direction between the highest Pt 
track in the event and all other tracks weighted by their Pt" 
The background due to "17" and 3'7 -+ rf as well as the VDM 
contribution is subtracted. The solid line represents the Born 
term behaviour and the dotted line is obtained from the VDM 
calculations, both normalized to the data. 

seen that for small ~0, while the VDM gives a poor de- 
scription of the data the shape of the Born term dis- 
tribution agrees with it. This suggests that the large 
rate for highPt tracks may be correlated with the pro- 
duction of particle clusters. 

In summary, we have studied the Pt distribution of 
hadrons produced in untagged 3'3' collision. The yield 
of hadrons wi thPt  between 1.5 and 3 GeV/c exceeds 
the expectation of the Born term by a factor of four, 
indicating that other diagrams are also important in 
quasi-real two-photon interactions in this Pt range. 

We gratefully acknowledge the support by the 
DESY directorate, the PETRA machine group and the 
DESY computer centre. Those of us from outside 
DESY wish to thank the DESY directorate for the 
hospitality extended to us while working at DESY. 

Born term expectation could be due to QCD correc- 
tions and other hard scattering contributions like 
multi-jet production [i,12] and higher twists [1,13]. 
However, to our knowledge, there exists no full com- 
putation of those terms in a form that can be compar- 
ed to our data. Preliminary data for a similar excess 
over the Born term prediction have been presented in 
ref. [5]. 

Searching for jets in 73' events is more difficult than 
in one photon annihilation due to the fact that the 
jets are boosted along the beam direction and carry 
only a small fraction of the available CM energy. In or- 
der to minimize these problems and find out whether 
the production of high Pt particles is correlated with 
jet production, we searched for clusters in the plane 
perpendicular to the beam direction. Fig. 3 shows, for 
events containing at least one track wi thPt  > 1.50 
GeV/c, the distribution of the azimuthal angle (~0) be- 
tween the highest Pt track in the event (trigger track) 
and all the other tracks weighted by their Pt (Pt dN/ 
d~p). The background contributions from "17" and 
3'3' ~ r~ as well as the VDM part are subtracted. For 
comparison two models have been used, one having 
two high Pt clusters (Born term) the other having no 
high Pt clusters (VDM). The solid line represents the 
shape expected for this distribution from the Born 
term contribution, while the dotted line shows the 
shape as expected by our VDM calculation. It can be 
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