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Abstract. We present an experimental study of jet- 
production in photon-photon interactions for 
0.1 < Q 2 <  120 GeV 2 and jet transverse momentum, 
PT, up to 5 GeV/c. At all Q2 the data show a high 
Pr tail, characteristic of a point-like interaction. The 
jet production cross-section approaches the quark- 
parton model (QPM) expectation as either jet Pr or 
Q2 increases. Overall, the data are well described in 
both total cross-section and event topology by the 
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sum of a vector-dominance model and a point-like 
interaction, represented by the QPM. 

Introduction 

It is generally accepted that hadron production in 
e+e annihilation occurs primarily through creation 
of quark-antiquark pairs. In photon-photon (77) in- 
teractions a similar mechanism is expected to con- 
tribute to hadron production due to the point-like 
component  of the photon [1]. Hadron  production 
would then take place through the reaction 77--+qq 
which can result in two jets of high transverse mo- 
mentum (Pr) with respect to the 77-axis [2, 3]. This 
is in contrast to the familiar behaviour of the ha- 
dronic part  of the photon which produces jets of 
particles of predominantly low transverse momen- 
tum relative to the 77-axis. Previous studies [4, 5] 
have shown evidence for the point-like part of the 
photon in jet production at large Pr in 77 interac- 
tions of nearly real photons. In this paper we report 
on an extended study of jet production by examin- 
ing jets as a function of the squared mass of one of 
the virtual photons, _Qa, as well as of pT[6]. This 
enables us to study the evolution of the 77- 
interaction from what is expected to be a primarily 
hadronic interaction at low Pr and low Qz to a 
primarily point-like interaction at either high Pr or 
high Q2. Such a study could also provide constraints 
on non-standard models of the strong interaction [7, 
8]. 

The data presented here consist of events of the 
type 

e+e - - + e + e  +hadrons  

in the so-called "single-tag" mode in which only one 
of the scattered electrons is observed. The data were 
obtained using the P L U T O  detector at the e+e - 
storage ring P E T R A  at an average e § e -  center-of- 
mass energy of 34.7 GeV. 

Apparatus 

The details of the P L U T O  detector have been given 
elsewhere [9]. Here we briefly discuss the com- 
ponents relevant to this study. Charged particles are 
detected and their momenta  measured in the central 
detector, which consists of cylindrical proportional 
chambers in a 1.65 T solenoidal magnetic field, and 
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 2 5 ~  155 ~ and the 
full azimuth. The forward spectrometers cover the 
regions 5~  ~ and 165~  ~ and 85% of 
the full azimuth. The momentum resolution of both 
the central detector and the forward spectrometers is 
ap/p=3%.p (p in GeV/c). Photons in the central 
region of the detector are measured in the barrel 
and endcap lead-scintillator shower counters, which 
cover 96 ~o of the full solid angle. 

The tagging electrons (as well as final-state pho- 
tons) are measured in small-angle taggers (SAT's) 
and large angle taggers (LAT's) which cover the 
polar regions from 30 to 55 mrad and from 87 to 
260 mrad, and in the endcaps which cover the range 
from 349 to 681 mrad. The SAT's are lead-scintil- 
lator shower counters with energy resolution aE/E 
= 16.5 %/l /E,  (E in GeV). Each SAT is azimuthally 
segmented into twelve 30 ~ modules, 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 measure- 
ment 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. This charge identification is 
important for reducing the background from e § e -  
annihilation with initial-state radiation. The LAT's  
are lead-scintillator shower counters with energy res- 

olution o(E)/E=25 %/1/E. Shower positions are de- 
termined by proportional tube chambers within the 
lead scintillator array. The LAT's  are located im- 
mediately behind the forward spectrometers. By de- 
manding that the LAT shower matches to a forward 
spectrometer track of appropriate  charge and mo- 
mentum, false tags due to photons or hadronic 
showers are suppressed. The endcaps are lead-scintil- 
lator counters interleaved by proportional  chambers; 
they are segmented azimuthally into 12 ~ sectors. The 

energy resolution is a(E)/E=28%/1/E. A detailed 
description of the endcap analysis is given in [10]. 
The {22 resolution over the angular range from 30 to 
681 mrad is constant, cr(Q2)/Q2= 10 %. 

The experimental triggers for single-tagged 
events were made as loose as possible. For  SAT- 
tagged events, the trigger required an 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 with 
Icos(~)l<0.8 and momentum transverse to the e+e 
beam axis greater than 150 MeV/c. For  LAT 
(endcap)-tagged events, a LAT (endcap) shower of 
more than 4 GeV (2.4 GeV), without any additional 
requirements, was sufficient to trigger the detector. 
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Data Selection and Background Estimates 

In this study we consider only those events in which 
the tagging electron is measured with an energy 
greater than 8.0 GeV. To ensure that the photon 
emitted by the other electron is quasi-real we reject 
events with a SAT or LAT shower greater than 6.0 
GeV on the opposite side of the detector from the 
tag. The mass distribution of the quasi-real photon 
(p2) peaks at zero with 70~o of the events having 
p2 <0.01 GeV 2. 

Further restrictions were applied to the data to 
obtain a sample of well-reconstructed 77 events with 
minimal backgrounds. We required: 

1. lzol<35.0mm, where z0 is the distance be- 
tween the interaction vertex and the e+e - beam 
intersection point, as measured along the beam axis. 

2. charged multiplicity >4. 

3. 4.0<Wvis<13.0GeV, where Wvis is the visible 
invariant mass of the hadronic system, calculated 
from charged particles, assumed to be pions, and 
photons. Monte Carlo studies show that the mean 
ratio between the visible and the true invariant 
mass, WvijW, is approximately 0.75, with two thirds 
of the data between 0.5 and 1.0. 

4. for endcap tagged events, the missing electron 
reconstructed using momentum conservation to have 
a momentum of at least 6 GeV along the beam axis 
opposite to the tag. 

5. absolute of the charge of the hadronic system 
<2. 

6. I~Pri l<3.0GeV/c ,  where PTI is the particle 
momentum transverse to the e + e -  beams and the 
summation runs over all particles including the 
tag. 

These selections reduce beam-gas events to a level 
less than 0.5 %. The minimum multiplicity and Wv~s 
requirements ensure that an analysis of the events in 
terms of jets is possible. The final two criteria sup- 
press incomplete and badly measured events. 

Other backgrounds are estimated using Monte 
Carlo techniques. We have considered backgrounds 
from the following reactions: 

1. e+e - --*hadrons. 

2. e+e - - - , z+z- .  

3. e+e - -*e+e-z+z  -.  

4. e + e - ~ e  §  via the inelastic 
Compton process [1]. 

5. untagged 7 7 ~ h a d r o n s ,  in which a photon or 
showering hadron produces a false tag. 

6. double-tagged 77 ---, hadrons, in which one 
electron is erroneously treated as a hadron. 

Table 1. 

Tagger ~ L.dt Q2 range (Q2) Events 
(pb ~) (OeV 2) (aeV 2) 

SAT 29.3 0.1 <Q2< 1.0 0.35 846 
LAT 39.4 1.0<Q 2< 18 5.3 381 
endcap 40.1 15 -<Q2< 120 49 50 

For the LAT and SAT tagged events back- 
grounds (1) and (3) are found to be important  for 
high Pr jets. They give contaminations of (3.0 
+0.2)% and (5.2_+0.5)% for SAT events and LAT 
events, respectively. At jet  Pr greater than 2.0 GeV/c, 
these backgrounds are about  20 % of the signal for 
the SAT events and 10 % for the LAT events. These 
backgrounds are subtracted from all plots shown 
below. In the high Q2 range (endcap tagged events) 
contamination of type (3) gives a background of (5 
_+ 3)%, while 7 events of type (1) are identified and 
eliminated by a visual inspection. Of the remaining 
backgrounds, (2) and (4) are negligible and the effect 
of (6) has been included in the Monte Carlo simula- 
tion. Background (5) is found to be unimportant  for 
the LAT and endcap events but may contribute a 
few percent background for the SAT events at low 
jet Pr. 

The number of events obtained with the above 
selections after background subtraction, the lumi- 
nosities collected with the different trigger types, the 
corresponding Q2 ranges and mean Q2 values, are 
given in Table 1. 

Models for Photon-Photon Interactions 

The observed distributions of the parameters  de- 
scribing the interactions are influenced by the reso- 
lution and acceptance of the apparatus. To correct 
for this, either the measured quantities can be un- 
folded or the results can be compared with phenome- 
nological models in which the influence of the ap- 
paratus is included; we here adopt  the latter scheme. 
We consider two models which represent two basic 
processes of hadron production by a 77 interaction, 
namely the Quark Parton Model (QPM) and the 
Vector Dominance Model (VDM). The models are 
used to generate Monte  Carlo events which are 
passed through a detector simulation and the data 
selections and analysis described above. We now 
briefly describe the models. 

( I )  QPM. The Vermaseren event generator [11] for 
e+e ~ e + e - ~ #  is used to produce fractionally 
charged quark pairs with masses of 300 MeV for u 
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and d, 500 MeV for s, and 1.6 GeV for c quarks. 
These quarks are then fragmented according to the 
Field-Feynmann prescription [12]. In particular, the 
light quarks are fragmented using dN/dk2~exp 
�9 ( -k2/a 2) with a = 350 MeV/c, f(z)= 1 - a  + 3 a(1 - z )  2 
with a=0.77,  P/(P+V)=0.5, and a sea quark ratio 
of u:d:s=2:2:l; here the notation follows that used 
by Field and Feynmann [12]. For charm fragmen- 
tation we use the harder fragmentation function 
given in [13]. These parameters are standard, and 
are known to describe well e+e - ~ q q  at compara-  
ble hadronic center-of-mass energies [14]. 

We have studied the sensitivity of the Q P M  to 
variations in the light quark masses and fragmen- 
tation parameters. We find that a reduction of the 
quark mass to 10 MeV has negligible effect on the 
cross-section for jet production for pr>l.5 GeV/c. 
Similarly, variation of the fragmentation parameters 
over wide ranges of values (250-<a<500 MeV/c, 
0.30-<a<0.9, and 0.25 __< P/(P + V) < 1.0) leads to 
changes in the jet acceptance for p r > l . 5  GeV/c of 
5-10 %. Thus, within our kinematical range and sta- 
tistics the comparison between the Q P M  and the 
observed number of high Pr events is insensitive to 
assumptions about quark masses and fragmentation. 

(2) VDM. The second model is characterised by a 
specific Q2 and W dependence of the cross section 
and a different set of fragmentation parameters. The 
fragmentation is again that of Field and Feynmann. 
The direction of the primary quarks is distributed so 
that the quark transverse momentum follows an 
e x p ( - 5 p  2) dependence with respect to the 77-axis. 
For the cross section we use a factorisation of the 
form ~(W, Q2)=a(W).F(Q2). The function F(Q=) we 
take from the Generalized Vector Dominance Mod- 
el (GVDM) [15, 16]. The W-dependence a(W) at 
fixed QZ is assumed to be constant. To determine 
the cross section and the fragmentation parameters 
we adjust the free parameters of the model by com- 
parison with SAT-tagged events in which the recon- 
structed jet axis is at small angles to the ?7-axis. 
Our parametrization of the VDM cross section is 
a~(Q2)=240.F(Q =) nb. The distributions of charged 
and neutral multiplicities, thrust, and particle mo- 
menta transverse to the reconstructed jet axis are 
well described by hadronization according to Field- 
Feynman fragmentation with non-standard values of 
a--0.45 and ~ = 4 5 0  MeV/c. 

To study the systematic uncertainties of the 
VDM. we have varied the fragmentation parameters 
a and a within the ranges 0.40-0.77 and 350-450 
MeV, respectively. Also the jet axis has been rotated 
and tilted so that an intrinsic jet transverse momen- 
tum of the form dN/dp~ocexp(-2p 2) (Pr in GeV/c) 
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was introduced. These variations give rise to a band 
of VDM predictions shown in the figures below; 
they consequently imply a change in the normal- 
izations of the V D M  of _+ 20 %. 

In Fig. 1 we show the observed Q2-distribution 
for SAT events where the angle, O*, between the VV- 
axis and the reconstructed jet axis is small 
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(Icos O*[ __>0.9). In this region the data are expected 
to be dominated by V D M  type events; we therefore 
compare this distribution with the V D M  expec- 
tation. The good agreement between the model and 
our data justifies the G V D M  ansatz. In Fig. 2a - f  we 
give the Q2 and Wvi s distributions for the full O* 
range and compare them with the Q P M  and V D M  
results. The W distribution is well described by a 
superposition of both models, although there is 
some evidence for excess events in the low Q2 range 
around Q2=0.3 GeV 2. Overall the superposition of 
the two models gives a good description of the Q2 
- W  evolution of the data and leads us to use the 
models to study the topological characteristics of the 
events. 

We emphasize that all distributions in this paper 
are uncorrected and hence can only be compared 
with other models after the influence of the P L U T O  
detector has been correctly simulated. 

Jet Analysis of Data 

For the further analysis of the data the 77 final state 
is transformed into its center of mass frame (CM). 
To search for jets in the events we make a thrust 
analysis. The transverse momentum,  Pr, of the jet is 
defined with respect to the 7y-axis as PT 

=lPl.sin(O*), where p is the jet momentum along 
the thrust axis and O* is the angle between the 
thrust axis and the 77-axis in the hadronic CM- 
frame. The 77-axis is determined fl'om the incoming 
beams, the outgoing tagged electron or positron, and 
the observed boost of the hadronic system. 

Results 

Jets, regardless of the mechanism by which they are 
produced, are characterized by a limitation of kr, 
the momentum of produced particles transverse to 
the thrust axis. This is in contrast to the longitudinal 
component  of momentum,  kL, which grows almost 
linearily with W,,is. In Fig. 3a - f  we plot (kT) and 
@r) for charged hadrons as a function of Wvis, and 
compare the data with expectations from an all pion 
isotropic phase space model of hadronisation and a 
jet model, which is an incoherent sum of the Q P M  
and the V D M  models described above. Both the kT 
limitation and the growth of kL observed in the data 
are well described by the jet model. F rom the figure 
it is evident that particle momenta  transverse to the 
thrust axis are limited, thus demonstrating the two- 
jet structure of the event topology. In addition, the 
clear difference between phase space and jet models 
also shows that experimental effects and the method 
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of analysis do not produce a jet-like structure when 
none is present. These conclusions are not changed 
if, in the phase space model, 50% of all primary 
particles are produced as p mesons. 

Having demonstrated the existence of a two-jet 
topology, we now examine the jet Pr distributions. 
They are shown in Fig. 4 for three Qz intervals to- 
gether with the predictions of QPM and VDM. It is 
evident that for all Q2 there is an excess of events at 
high Pr over that predicted by VDM. We take this 
as evidence for a point-like component in the ~7 
production of hadrons. In addition, for all Q2, the 
high Pr events approach the cross section predicted 
by Q PM again indicating the presence of a point- 
like component. 

A point-like component to the ~ interaction is 
expected to result in two-jet events at high Pr; con- 
sequently we examine the thrust distribution of the 
events at high Pr to determine their structure. In 
Fig. 5a and b we plot the observed thrust distri- 
butions for Q 2 < l  GeV 2 and Q 2 > l  GeV 2 for p r > 2  
GeV/c. For comparison we show the Q P M  predic- 
tions normalized to the total number of events. It is 
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Fig. 5a-c. Observed thrust distributions: a and b show the low 
and high Q2 data for pr>2GeV/c. The line is the QPM pre- 
diction normalized to the number of events in the plot. c Data 
with Q2> 10 GeV 2. The solid line is the abolute prediction of 
QPM 

evident that the low Q2 events have a lower mean 
thrust than expected for q~ events, whereas for 
Q2> 1 GeV 2 the data approach the Q P M prediction. 
Since the VDM contribution is expected to be small 
at all Pr for high Qz, we show in Fig. 5c the thrust 
distribution for events with Q=>10GeV 2 summed 
over all Pr- This distribution agrees both in shape 
and normalisation with the QPM prediction. We 
conclude from Fig. 5 that, for Q 2 > l  GeV 2 and 
p r > 2  GeV/c, or for Q 2 > 1 0  GeV= and all Pr, the 
data have the structure characteristic of 77 ~ q q  with 
the quarks fragmenting as in e + e-  annihilation. 

We now compare in more detail the Q2 and Pr 
dependence of the data with QPM. To do this we 
define the quantity 

observed number of events at a measured Pr 

number of events predicted by Q P M at that Pr 

If Q P M accounted for all observed events, / ]~ 
would be equal to unity for all values of Pr and Q2. 

In general however, other processes, such as hadron- 
ic 77 interactions, will make /~7~>1. In Fig. 6 we 
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show / ~  versus jet PT in five Q2 bins. The expec- 
tations from QPM alone and QPM + V D M  are also 
shown. 

From Fig. 6 we observe that 

1. For all Q2 and PT the data approach the 
QPM expectation from above as PT, or  Q2, in- 
creases. 

2. The Q2 dependence of/~ is greatest at low Pr. 

3. The Pr dependence of/~ is greatest at low Q2. 

4. For  Q2<0.4GeV2 and intermediate Pr (2-4 
GeV/c) there is an excess of events over the pre- 
diction of QPM which is not explained by the VDM 
used here; this excess may be due to the events that 
do not have a two-jet structure. In general however, 
the Pr and Q2 dependence of the data is well de- 
scribed by the sum of VDM and QPM. 

Observations 1 to 3 can be understood in terms 
of the decrease in the cross section of the hadronic 
part of the photon relative to the point-like part as 
Q2 increases, together with the restriction of the 
hadronic interaction to the production of mainly 
low PT jets. Regarding conclusion 4, we note that 

Q P M + V D M  provides a good description of the 
data. This simple picture of the photon structure as 
an incoherent sum of a soft, hadronic piece and a 
hard, point-like component has recently been criti- 
cized on theoretical grounds [17]. It is nevertheless 
interesting that such a picture can describe both the 
cross section and event topology over a large kine- 
matic region. 

Finally we remark that the non two-jet-like 
events observed at low Q2 could originate from un- 
resolved multijet events which are predicted to be 
produced by hadronic and QCD processes in 77 
interactions. These events could also originate from 
a direct photon gluon coupling which is predicted in 
the gauge theory of integrally charged quarks [7, 8]. 
This would lead to more isotropic events due to the 
softer fragmentation of gluons [18]. 

Conclusions 

We have demonstrated the existence of jets in the 
reaction yT~hadrons  in the Q2 range 0.1 < Q 2 <  120 
GeV 2. The events at intermediate transverse momen-. 
turn and Q2 less than 1 G e g  2 look less jet-like than 
expected from hadron production in 77 interactions 
with standard Field-Feynman fragmentation. At all 
Q2 the data show a high PT tail characteristic of a 
point-like interaction. The cross section for the pro- 
duction of jets approaches that predicted by the 
quark patton model for increasing Q2 or for large 
jet transverse momenta. These observations are well 
described in both cross section and event topology 
by the sum of a hadronic component (described by 
GVDM) and a point-like component (represented by 
QPM). 
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