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Jets in photoproduction events have been studied with the ZEUS detector for yp centre-of-mass energies ranging 
from 130 to 250 GeV. The inclusive jet  distributions give evidence for the dominance of resolved photon interactions. 
In the di-jet sample the direct processes are for the first time clearly isolated. Di-jet cross sections for the resolved and 
direct processes are given in a restricted kinematic range. 
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1. Introduction 

Elect ron-proton scattering is dominated  by the 
exchange of  almost real photons. Although most of  
the photoproduct ion cross section is due to soft pro- 
cesses, a fraction of  the 7P collisions at HERA en- 
ergies is expected to contain high-pr processes. In 
lowest-order QCD, these hard processes are of  two 
main types [1,2], as shown in fig. 1. In the direct 

processes, the photon part icipates as a point-l ike 
particle, interacting with a gluon (Tg --* qq, photon 
gluon fusion) or a quark (Tq ~ gq, QCD Comp- 
ton scattering). In the resolved processes, the photon 
behaves as a source o f  partons which can scatter off 
those in the proton. The unscattered constituents 
of  the photon then give rise to a hadronic system, 
known as the photon remnant,  going approximately 
in the direction of  the original photon. 
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Fig. 1. Schematic diagrams showing examples of (a) a direct 
process and (b) a resolved process. 

Hard  scattering in photoproduct ion should produce 
multi-jet  structures with features similar to those ob- 
served in hadron-badron  collisions [3]. QCD-based 
models of  these processes, including parton distr ibu- 
tions in the photon and proton compatible  with ex- 
perimental  data, predict  that  the resolved processes 
should dominate  over the direct for a wide range of  
je t  transverse energy [2,4 ]. The presence of  hard scat- 
tering in yp collisions has already been observed at 
HERA [5,6], with evidence for multi-jet  structures 
and for the presence of  the resolved contribution.  

In this study, we have searched for jets  in a sample 
of  photoproduct ion events having a total transverse 
energy of  at least 10 GeV. We demonstrate  that the re- 
solved processes form the major i ty  of  the events. Us- 
ing a sample of  di-jet events, we separate unambigu- 
ously for the first t ime the resolved and direct con- 
tr ibutions and obtain cross sections for the two pro- 
cesses in a restricted kinematic region. 

2. Experimental setup 

The main components  of  the ZEUS detector [5,7] 
used in this analysis are the high resolution uranium- 
scintil lator calorimeter (CAL),  the central tracking 
detector and the luminosity monitor.  The calorime- 
ter covers the polar  angle range between 2.6 ° < 0 < 
176.1 ° , where 0 = 0 ° is the proton beam direc- 
tion. It consists of  three parts: the rear calorimeter  
(RCAL),  covering the backward pseudorapidi ty  #1 

#1 q = - I n ( t a n ( 0 / 2 ) ) .  
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range ( - 3 . 4  < q < - 0 . 7 5 ) ;  the barrel  calorimeter  
(BCAL) covering the central region ( - 0 . 7 5  < r/ < 
1.1 ); and the forward calor imeter  (FCAL)  covering 
the forward region (1.1 < q < 3.8). The calorimeter  
is segmented in depth into electromagnetic (EMC) 
and hadronic  (HAC) sections. The EMC sections are 
d iv ided  into cells of  transverse dimensions 5 x 20 cm 2 
(10 × 20 cm 2 in RCAL)  and the HAC sections con- 
sist of  cells of  transverse dimension 20 x 20 cm 2. 
The energy resolution as measured under  test beam 
condit ions is a e / E  = 0 . 1 8 / v ~  (E in GeV) for 
electrons and t re /E = 0 . 3 5 / v ~  for hadrons [8]. 
The t iming resolution of  the calorimeter  ceils, at = 
1.5/v/E@0.5 ns [8,9], allows rejection of  out-of-t ime 
beam-gas  interactions. In the analysis presented here 
calorimeter  cells with EMC (HAC) energy below 
60 MeV (110 MeV) are excluded to minimise  the 
effect of  calorimeter  noise. This noise is dominated  
by uranium activity and has an r.m.s, value below 
19 MeV for EMC cells and below 30 MeV for HAC 
cells. The central tracking detector  [10 ] was used to 
measure charged particle trajectories in order  to re- 
construct a z vertex for each event, where the z-axis is 
defined to be along the direction of  the proton beam. 

To measure the luminosity,  two lead-scinti l lator 
electromagnetic calorimeters were installed in the 
HERA tunnel [ 11 ]. One of  these measures the elec- 
tron energy and the other the photon energy for the 
bremsstrahlung process (ep ---, ep7) .  The electron 
calorimeter  is also used to tag a fraction of  very low 
photon vir tual i ty (Q2) events. These events have a 
Q2 below 0.02 GeV 2 and will be referred to as "tagged 
events" throughout the following. Events tagged in 
the luminosi ty moni tor  have yp centre-of-mass ener- 
gies between 130 GeV and 280 GeV. 

Data  were collected during 1992, when 820 GeV 
protons were colliding with 26.7 GeV electrons. Col- 
lisions took place between nine electron and pro- 
ton bunches. Non-coll iding bunches of  electrons and 
protons allowed an est imation of  beam associated 
backgrounds. A three-stage trigger was in operat ion 
at ZEUS. At the first level, events were triggered 
by a min imum energy deposit  in the CAL [7]. The 
rejection of  beam-gas  interactions was achieved us- 
ing t iming informat ion from scintil lator counters 
near the beams at the first level trigger and from the 
calorimeter  at the second and third levels. 

3. Data selection criteria 

The raw data  sample used in this analysis consists 
of  about four mill ion events, corresponding to an in- 
tegrated luminosi ty of  25.5 nb - I  . The analysis follows 
the data selection described in ref. [ 5 ]. A first filter re- 
quired a trigger signal in the electromagnetic sections 
of  the BCAL or RCAL and either of  the following two 
conditions: 1 ) more than 10 GeV energy deposi ted 
in the FCAL and more than 2.5 GeV deposi ted in 
the RCAL or 2) more than 20 GeV total energy and 
more than 10 GeV total transverse energy deposi ted 
in the whole calorimeter.  About  350 000 events satis- 
fied these conditions.  In order  to reduce the proton 
beam-gas  contaminat ion,  a more refined second fil- 
ter was applied. Firstly, it was required that all events 
should have a reconstructed vertex. Secondly, strin- 
gent requirements on the t iming as measured by the 
CAL and on the correlation between the z-vertex po- 
sition and the event t ime measured in the FCAL [ 12 ] 
were applied with negligible loss of  genuine ep events. 

In order  to select a sample of  photoproduct ion 
events, deep inelastic neutral current events were 
removed as follows. Electron candidates were iden- 
t if ied using the pat tern of  energy distr ibution in the 
calorimeter.  For  events with an electron candidate,  
the inelasticity parameter,  y, was calculated from the 
electron variables: 

E" 
Ye = 1 - -  ~ ( l  - -  C O S 0 t e ) .  

where Ee, E" and 0e' are the incident  electron en- 
ergy and the energy and angle of  the scattered elec- 
tron, respectively. For  photoproduct ion events with 
Q2 = 0, y is equal to the ratio of  the photon energy 
to the electron beam energy. A number  of  photopro-  
duction events have electron candidates found in the 
calorimeter.  These are hadrons misidentif ied as elec- 
trons, or genuine electrons which are not the scat- 
tered beam electron. Generally for these events the 
calculated value of  Ye is high. Therefore, in order  to 
minimise  the loss of  photoproduct ion events from the 
sample, an event is rejected only i fye  is less than 0.7. 
The cut is very effective in removing deep inelastic 
events with Q2 > 4 GeV 2. 

Fur ther  suppression of  the background from b e a m -  
gas collisions and the contaminat ion from deep in- 
elastic interactions was achieved using y est imated 

293 



Volume 322, number 3 PHYSICS LETTERS B 17 February 1994 

from the calorimeter energy using the Jacquet- 
Blondel [ 13 ] formula 

Z;(E - p z ) ;  
YJB -- 2Ee ' 

where the sum runs over all calorimeter cells i and 
pz is the z-component of the momentum vector as- 
signed to each cell of energy E. This formula is valid 
under the assumption that the scattered electron es- 
capes down the beam pipe. The cell angles are cal- 
culated from the geometric centre of the cell and the 
vertex position of the event. Final state particles pro- 
duced close to the direction of the proton beam give 
a negligible contribution, since these particles have 
(E - P z )  "~ 0. Events in the range 0.2 < YJa < 0.7 are 
selected. The lower cut suppresses background due to 
proton beam-gas collisions. Remaining deep inelas- 
tic events are removed by the higher cut since yJa will 
be incorrectly measured to be ~ 1 for these events, 
due to the presence of the scattered electron in the 
calorimeter. Finally, events were selected with a to- 
tal transverse energy deposition in the calorimeter in 
excess of 10 GeV. 

After these cuts 19589 events remained. The 
beam-gas contamination was estimated from the 
non-colliding bunches to be at most 0.3%. The con- 
tamination from cosmic rays was estimated to be at 
most 0.1%. The contamination from deep inelastic 
events with Q2 > 4 G e V  2 was estimated to be < 0.5% 
using Monte Carlo techniques. 

The yp centre-of-mass energy (W) of these events 
can be calculated via the expression W ~ v/4yjaEeEp, 
where Ep is the proton energy. In the final sample W 
ranges from 130 GeV to 250 GeV. For events tagged 
by an electron in the range 5 GeV ~< E~ ~< 25 GeV 
(5390 out of the 19 589) a comparison of the W mea- 
sured from the electron energy and from the hadronic 
system showed for the latter a systematic underesti- 
mation of approximately 10%. This discrepancy is at- 
tributed to energy losses in inactive material in front 
of the CAL and to particles lost in the rear beam pipe, 
and is adequately reproduced in the Monte Carlo sim- 
ulation of the detector. 

To ensure that the data are photoproduction events, 
the median value of Q2 in the sample was estimated. 
This was done using the Monte Carlo simulation, since 
the scattered electron escapes undetected (except for 
tagged events) down the beam pipe, and the Q2 res- 

olution from the measured transverse energy in the 
central detector is insufficient. A Monte Carlo sim- 
ulation for the direct processes (see below) gives a 
median value of 0.001 GeV 2 and produces the same 
fraction of tagged events (for which the Q2 is below 
0.02 GeV 2) as in the data. The median Q2 is expected 
to be similar for the resolved processes. 

4. Monte Carlo simulation 

Two independent Monte Carlo generators, HER- 
WIG5.7 [14] and PYTHIA5.6 [15], were used to 
simulate the hard photoproduction processes. In these 
generators, the direct and resolved processes are each 
simulated using leading order matrix elements, with 
the inclusion of initial and final state patton showers. 
The lower cut-off on the transverse momentum of the 
generated final-state partons (PTmin) was chosen to 
be 2.5 GeV/c [14,16]. 

Fragmentation into hadrons is performed using a 
cluster algorithm in HERWIG and a LUND string 
model in PYTHIA. The lepton-photon vertex is mod- 
elled according to the Weizs~icker-Williams approx- 
imation, except in the case of the simulation of the 
direct processes in HERWlG where exact matrix ele- 
ments are used. 

Events were generated using the leading or- 
der prediction by GRV [ 17] for the photon and 
MRSD0 [ 18 ] for the proton-parton distributions. 
In addition, samples of events using DG [19] and 
LAC1 [20] for the photon and MRSD- for the 
proton-parton distributions were studied. 

The generated events were passed through detailed 
detector and trigger simulation programs based on the 
GEANT package [21 ]. They were reconstructed using 
standard ZEUS off-line programs and passed through 
the same analysis chain as the data. 

5. Analysis of jet production 

We searched for jet structure in the selected data 
sample using a jet finding algorithm in pseudorapid- 
ity (~/)-azimuth (q~) space [22,23]. The cone radius 
R = v/At~ 2 -4- Aq 2 in the algorithm was 1 unit. This 
value was chosen in order to contain the relatively low 
transverse momentum jets studied here. Calorime- 
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ter cells within 10 ° (t/ > 2.44) of  the proton beam 
direction were excluded from the je t  analysis. Rem- 
nants of  the proton are expected to be predominant ly  
at angles below this value. Cells were grouped into 
clusters; those clusters with transverse energy (E{~ t) 
larger than 5 GeV were called jets. Below this value 
the sensit ivity to the Prmin cut in the Monte Carlo 
simulations becomes large. The transverse momen-  
tum weighted mean pseudorapidi ty  (t/jet) and az- 
imuth (q¢et) of  each jet  were evaluated and jets  were 
accepted for the present analysis i f  t/jet was less than 
1.6 (0 > 22.8 °). This cut was dictated by the chosen 
value of  R and the need to remove calorimeter  cells 
near the proton beam direction. 

Of  the sample of  19589 events, 6.5%, 1.4% and 
0.1% of  the events were of  the one-jet, two-jet and 
three-jet type, respectively. A total of  1548 events 
with jets was found. F rom a comparable number  of  
Monte  Carlo events, a QCD based simulat ion using 
the H E R W I G  generator predicts the fractions to be in 
the range 6.3-9.8% and 0.7-1.9% for the one-jet and 
two-jet categories, respectively. The quoted ranges in- 
dicate the spread of  the values obtained with the dif- 
ferent proton and photon par ton distr ibutions men- 
t ioned above. The agreement between data and Monte 
Carlo simulat ion for the je t  multiplici t ies is also good 
i f  the radius of  the cone is set to 0.7 units. The frac- 
t ion of  three-jet events in the Monte Carlo sample, 
which does not include higher order  matr ix elements, 
was 0.01%. 

The inclusive jet  sample consists of  1850 jets. The 
E~ t distr ibution,  shown in fig. 2a, falls steeply, reach- 
ing values as high as 18 GeV. It should be noted that  
the da ta  in this and subsequent figures are not cor- 
rected for energy absorbed in inactive mater ial  nor for 
resolution smearing and other detector effects. These 
effects are included in the Monte  Carlo simulation. 
Only statistical errors are quoted in the figures. The 
Monte Carlo dis t r ibut ion (normalised to the data)  for 
H E R W I G  is shown as a full line. The shape of  the 
data is described well. The expected relative contri- 
but ions of  direct and resolved photon processes are 
also shown. 

Fig. 2b shows the inclusive t/jet distr ibution,  together 
with the Monte Carlo dis tr ibut ion from HERWIG.  
Also shown for the Monte Carlo simulat ion are the 
separate contr ibut ions from resolved and direct pro- 
cesses. Since only a fraction of  the photon 's  momen-  
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Fig. 2. Inclusive jet distributions for (a) transverse energy 
of jets, (b) pseudorapidity of jets, where the Monte Carlo 
distribution is normalised to the data in the region t/jet < 1.2, 
as discussed in the text. The relative contributions of the 
direct and resolved processes as predicted by the Monte 
Carlo simulation are also shown. 

tum participates in the hard scatter in the resolved 
case, the centre of  mass is in general more strongly 
boosted in the proton direction, and the two contribu- 
tions have quite different t/jet distributions.  The data 
require a substantial resolved component .  The data  
show a rise of  the jet  rate towards high t/jet values 
which is not well reproduced by the Monte Carlo sim- 
ulations. It is not clear whether this excess is due to 
an incorrect description of  the proton remnant  region 
or to the choice of  parton distributions. In fig. 2b the 
Monte Carlo dis tr ibut ion is normalised to the num- 
ber of  jets  in the data excluding the highest ~et bin. 

Di-jet product ion has been studied by selecting 
events with two or more jets  in the accepted rapid- 
ity range (t/jet ~< 1.6). In the case of  events with 
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Fig. 3. Kinematic distributions for events with two or more jets. The Monte Carlo is normalised to the data, and in all cases 
the relative contributions of the direct and resolved processes, as predicted by the Monte Carlo simulation, are shown. (a) 
Jet-jet invariant mass for jet pairs. (b) Transverse energy of jets. (c) Pseudorapidity of jets. (d) cos 0* of jet angles in the 
jet-jet c.m.s, measured with respect to the proton momentum. 

more than two jets  the two jets  with highest E~ t are 
taken as these are expected to most closely reflect 
the kinematics of  the final state partons in leading 
order QCD. The di-jet sample consists of  284 events. 
The di-jet invariant  mass ( M  j j )  spectrum, shown in 
fig. 3a, extends up to values of  40 GeV. The E~ t spec- 
trum of  the di-jet sample, which reaches values as 
high as 18 GeV, is shown in fig. 3b. The je t  pseudora- 
pidi ty distr ibution is shown in fig. 3c. In all cases, the 
data and Monte Carlo distr ibutions are in reasonable 
agreement. In part icular  the agreement extends to the 
highest pseudorapidi ty  bin. Fig. 3c shows again the 
need for a large contr ibut ion from resolved processes. 

Further  insight into the mechanism ofdi- je t  produc- 
tion is gained by studying the scattering angle distri- 
bution, cos 0". The angle 0* is computed in the centre- 
of-mass frame of  the two jets, with respect to the pro- 

ton momentum boosted into the same frame. The an- 
gular distr ibution is displayed in fig. 3d. The trans- 
verse momentum cut on the jets  decreases the accep- 
tance for events with low M jj  and high cos 0". In or- 
der to reduce the effect of  this cut, events with M JJ > 

16 GeV have been selected. The distr ibution rises at 
large values of  cos 0"; the drop beyond cos 0* = 0.8 
is an artifact resulting from the 1/jet region selected. 
Below this value the cos 0* distr ibution reflects the 
angular distr ibutions of  the par ton-par ton  scattering 
processes. The QCD-based simulations again accept- 
ably reproduce the data. 

Summarizing this section, these results show for 
several independent  distr ibutions agreement of  the 
data with QCD simulations which include hard pro- 
cesses involving the partonic content of  the photon. 
The same conclusions are reached using the PYTHIA 

296 



Volume 322, number 3 PHYSICS LETTERS B 17 February 1994 

Monte Carlo and other parameterisations of the pro- 
ton ( M R S D - )  and photon (DG and LAC1) patton 
distributions. 

6 .  O b s e r v a t i o n  o f  t h e  d i r e c t  c o m p o n e n t  

In this section we use the selected di-jet sample to 
separate the contributions of the direct and resolved 
photon processes. 

In two-to-two parton scattering, the momenta  of 
the incoming partons can be calculated from the two 
partons in the final state. Let xr and xp be the frac- 
tions of the photon and proton momenta  carried by 
the initial-state partons (see fig. 1 ). Conservation of 
energy and momentum gives 

E p a r t o n s  ( E "1- PZ )pal'ton 
x . =  2E, ' 

E p a r t o n s  ( E - P z ) patton 
xr = 2E r , 

where E~ is the initial photon momentum and the 
sum is over the two final state partons. For the direct 
processes, x r = 1. 

The jet energies and momenta  may be used to esti- 
mate the energies and momenta  of the final state par- 
tons. Using the energy of the cells assigned to the jet to 
evaluate the jet energy and longitudinal momen tum 
and since Er ~ E e y  ~ EeYJB, we can approximate xp 
and x~ as 
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Fig. 4. Kinematic distributions for events with two or more 
jets. (a) x~ eas distribution for the final sample. (b) x~ eas 
distribution for the final sample. For both figures, the Monte 
Carlo distributions are the result of the fit to the data shown 
in (b) (see text). 

~;m.s ~2jo,s(E + Pz)jo, 
= 2Ep ' 

~jo~s (E - pz )je~ X~ neas ~_~ 
~2t (E  - p2)i  

where the sum in the denominator  runs over all 
calorimeter cells. Note that in the formula for xp  ~"s 
many systematic uncertainties in the measurement 
of energy by the calorimeter cancel out. 

From Monte Carlo studies it is found that impos- 
ing the requirements It/jet] - -  qjet21 ~ 1.5 and I~b je t t -  

q 9et21 > 120 ° improves the x~  eas resolution and these 

cuts are applied in the following analysis. The num- 
ber of events surviving these cuts is 193. The contam- 
ination from deep inelastic interactions with Q2 >i 
4 GeV 2 is evaluated to be at the 1-2% level. No events 

from the non-colliding bunches remain in this sample 
and visual scanning shows that no cosmic ray events 
remain in our final sample. 

The distribution of x 7  as is shown in fig. 4a. From 
the Monte Carlo simulation, the estimated error in 
logx~ eas is i 2 4 %  for resolved events and -4-9% for di- 
rect events. The data range from 1.6 × 10 -3 to 10 - I  
with a mean value of 1.4 × 10 -2. The Monte Carlo dis- 
tributions describe the data well and are insensitive to 
the choice of proton-par ton distributions, since most 
of the range covered by the present data is in the re- 
gion where precise measurements of the proton struc- 
ture exist (x~ ea~ > 10-2). These measurements are 
well described by the parameterisations of the proton 
structure used here. 

The x~ ¢as distribution shown in fig. 4b rises at both 

297 



Volume 322, number 3 PHYSICS LETTERS B 17 February 1994 

low and high values. The Monte Carlo simulations 
of  the resolved and direct processes, shown in the 
same figure, have very different characteristics. The 
resolved processes show a rise towards low X~ neas , as 
observed in the data, but  cannot account for the rise 
at high x~  'as . This is the case for both H E R W l G  and 
PYTHIA and for all the parton distr ibutions studied. 
The direct processes predict  a sharp rise towards high 
x~ n~as as observed in the data and only a small num- 
ber of  events for x~ neas < 0.7. For  the Monte Carlo 
simulation of  the resolved processes, the dis tr ibut ion 
of  (x~ eas - x r )  peaks at around 0.1 (0.2) and has a 
width of  0.14 (0.22) for H E R W I G  (PYTHIA) .  We 
conclude that  the peak at the high end of  the x~ neas 
distr ibution cannot be reproduced from resolved pro- 
cesses by experimental  and acceptance effects, and 
that this peak results from direct processes. 

The sample of  44 tagged events, which have Q2 < 
0.02 GeV 2, also exhibit a peak in the high xy region. 
For  this subsample of  events we can also use the mea- 
surement of  the scattered electron energy to calculate 
the photon energy and so obtain an alternative esti- 
mate o f x  r. The distr ibution thus obtained again peaks 
at the high values where the direct processes are ex- 
pected. 

In fig. 4b the sum of  the independently normalised 
contributions from the resolved and direct processes 
was fitted to the x~ neas distr ibution using the shapes 
predicted by Monte Carlo simulation. The combined 
fit is able to reproduce the data  acceptably, although 
at low x~  eas there is a discrepancy related to jets in the 
most forward region. From the fit we obtain a con- 
tr ibution of  65 5:17 events from the direct processes. 
We subtract this number  from the total 193 events in 
the sample, and attr ibute all the remaining events to 
resolved interactions. This is done to reduce possible 
bias due to the poor  agreement between the resolved 
Monte Carlo distr ibution and the data  at low xr. 

7. Determinat ion  of  direct and resolved cross  sec t ions  

The clear separation between resolved and direct 
contributions allows us to measure the di-jet cross sec- 
tions for each of  the two processes. Extrapolation into 
kinematic regions not covered by the data  sample de- 
pends heavily on the details of  the Monte Carlo and 
parton distr ibutions used, and this is part icularly true 

for the resolved component.  For  this reason we give 
ep cross sections restricted to a kinematic region sim- 
ilar to that defined by the cuts used in the analysis. 

From the full Monte Carlo sample, generated over 
the complete y range, we calculate the number  of  re- 
constructed di-jet events, Nrec, using the full detec- 
tor simulation and including the experimental  trigger 
condit ions and the complete set of  selection cuts used 
in the data analysis. Also from the full Monte Carlo 
sample, events with a generated y in the range 0 .2-  
0.7 were selected. Using the generated momenta  of  
the final state particles, two jets  with transverse en- 
ergies above 5 GeV and pseudorapidi t ies  below 1.6 
were also required. These cuts select Nsen events and 
define the kinematic region of  the quoted cross sec- 
tions. The ratio Nr~/Nsen is the experimental  di-jet 
acceptance. In this way the effects of  the 1~1 et - ~2 et] 
and Ir/~ et ~/j~t - a cuts are also corrected. 

The acceptance is determined separately for the di- 
rect and resolved processes. The numbers of  direct 
and resolved events seen in the data are then divided 
by the product  of  the respective acceptance and the 
experimental  luminosity to give di-jet cross sections 
within the defined kinematic region. The acceptances 
are around 25% for both the resolved and direct com- 
ponents and depend only weakly on the Monte Carlo 
simulation used and on X~ neas. 

A study of  possible systematic errors in the cross 
section measurements,  arising from uncertainties in 
the fit and the acceptance calculations, has been car- 
ried out separately for the resolved and direct contri- 
butions. In all cases the uncertainties in the resolved 
and direct contributions are similar, and the larger 
of  the two is quoted. The principal  sources of  pos- 
sible errors are as follows: different proton and pho- 
ton parton distr ibutions give a systematic error of  
-4- 12%. Different Monte Carlo generators ( H E R W I G  
and PYTHIA)  give variat ions of  q- 16% in the calcu- 
lated cross sections. The sensitivity of  our measure- 
ment  to the PTmin cut Off in the Monte Carlo was in- 
vestigated and gives an est imated uncertainty o f +  8%. 
The variat ion between different implementat ions of  
the je t  finding algorithm and treatments of  jet  merg- 
ing is + 13%. The uncertainty in the absolute energy 
scale of  the detector gives rise to a systematic error of  
+ 17%. The effect of  uncertainty in the trigger thresh- 
old energies is 5: 5%. Finally, a + 5% uncertainty in 
the luminosi ty determinat ion [ 12 ] is included in both 
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calculations. The final results are 21.1 -4- 5.2 (stat.) + 
5.7 (syst.) nb for the resolved contr ibut ion to the di-jet 
cross section and 9.4 + 2.7(stat .)  + 2.7(syst.)  nb for 
the contr ibut ion of  the direct processes. The quoted 
cross sections are the averages of  the values obtained 
with different par ton distributions,  different Monte 
Carlo generators and different jet  finding procedures 
ment ioned above. These are cross sections for ep  col- 
lisions with Q2 ~ 0 leading to events in the kinematic  
region 0.2 ~< y ~< 0.7 with two jets  of  transverse en- 
ergies greater than 5 GeV and pseudorapidi t ies  below 
1.6. The sum of  the resolved and direct ep  cross sec- 
tions quoted here corresponds to around 1% of  the 
total  low-Q 2 ep  cross section in the given y range. 

The shapes of  the distr ibut ions obtained using sim- 
ulations based on leading order  QCD are in accept- 
able agreement with the data. In order  to obtain agree- 
ment  with the measured cross section, the predict ions 
for both the resolved and direct contr ibut ions have to 
be scaled up by factors of  1.3 to 1.8, depending upon 
the Monte Carlo simulat ion and parton distr ibut ions 
used. However,  the ratio of  the measured cross sec- 
tions for resolved and direct processes is consistent 
with the leading order  QCD predict ions as described 
in the Monte Carlo. 

8. Summary 

A sample of  hard quasi-real photoproduct ion events 
with centre-of-mass energies between 130 GeV and 
250 GeV has been isolated in ep  collisions at HERA. 
Jet structure is observed and analysed. The jet  dis- 
t r ibutions are adequately described by Monte Carlo 
simulations involving resolved and direct processes, 
with the resolved processes being dominant .  

In the di-jet sample the dis tr ibut ion of  x ~  ea' , the 
measured fraction of  the photon energy part ic ipat ing 
in the hard collision, shows a clear peak at large val- 
ues. This is an unambiguous signature for the presence 
of  direct processes. Fits  to this dis t r ibut ion allow a 
separat ion and determinat ion of  the resolved and di- 
rect contributions. Di-jet ep  cross sections involving 
the exchange of  almost real photons in the region de- 
fined by 0.2 ~< y ~< 0.7, jets  with transverse energies 
greater than 5 GeV and pseudorapidi t ies  less than 1.6 
are measured to be 21.1 + 5.2(stat .)  + 5.7(syst.) nb 

for the resolved and 9.4 + 2.7(star.)  + 2.7(syst.)  nb 
for the direct processes. 
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