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The inclusive jet cross section in photoproduction has been measured as a function of transverse energy and 
pseudorapidity using the HI detector at the HERA electron-proton collider. The results are compared with leading 
order QCD calculations. 

High transverse energy, Et, jets  from photoproduc-  
tion events have recently been reported by the HI  
and ZEUS experiments at the e lec t ron-proton collider 
HERA [ 1,2 ]. Here quasi-real photons are produced by 
beam electrons scattering through small angles. In the 
framework of  QCD these photons are probed by both 
the quarks and the gluons of  the beam protons. Two 
types of  mechanism contribute to the production of  
jets: the partons from the proton can interact with the 
photon either electrodynamically (directly) or with 
the quark and gluon content of  the photon. The latter, 
so-called resolved mechanism, is described in terms 
of  a photon structure function and is expected [3] to 
dominate  in the kinematic region studied. 

So far information on the photon structure func- 
tion has been obtained in deep-inelastic e7 scatter- 
ing experiments at e+e  - colliders. The theoretical 
parametr izat ions of  the photon structure functions de- 
rived from these measurements constrain mainly the 
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quark and antiquark contributions but allow for large 
differences in the gluon content. Recent experimental  
analyses of  jet  production in Y7 collisions [4] show 
sensitivity to the gluon content of  the photon but are 
l imited by theoretical uncertainties in the calculation 
of the jet  cross section at relatively low Et. The mea- 
surements of  high-Et jet  production at HERA will fur- 
ther constrain the gluon content of  the photon and 
will also test a variety of  QCD predictions. 

This letter presents the first measurement of  an ep 

inclusive jet  cross section in the interactions of  quasi- 
real photons with protons at HERA. The analysis is 
based on data collected with the H 1 detector during 
1992 which correspond to an integrated luminosity of  
25 nb -1. 

The HERA ep storage ring was operated with 9 
colliding bunches of  e -  and p each, with energies of  
26.7 GeV and 820 GeV respectively. The H1 detector 
is described elsewhere [5,6]. Here we describe briefly 
the components  of  the detector relevant to this anal- 
ysis. 

The tracking system consists of  a central drift cham- 
ber supplemented by a forward track detector. It was 
used for the reconstruction of  the charged particle 
tracks and the interaction vertex. The central cham- 
ber is interleaved with an inner and an outer dou- 
ble layer of  cylindrical multiwire proport ional  cham- 
bers (MWPC)  which were used in the trigger to select 
events with charged tracks pointing to the interaction 
region. 

The tracking system is surrounded by a fine 
grained liquid argon (LAr) calorimeter [7] con- 
sisting of  an electromagnetic section with lead ab- 
sorbers and a hadronic section with steel absorbers. 
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The energy resolutions achieved in test beams were 
t y / E  ~ 120/0/x/E for electrons and ~ 50%/x/E for pi- 
ons [6-8] .  The LAr calorimeter  covers the complete 
azimuth and the range from - 1.5 to 3.3 in pseudora- 
pidi ty q = - I n ( t a n ( 0 / 2 ) ) .  Here 0 is the polar  angle 
with respect to the proton beam direction (z axis).  
The backward region ( - 3 . 3  < q < - 1 . 5 )  is cov- 
ered by a lead-scinti l lator electromagnetic calorime- 
ter (BEMC). For  the measurement  of  the hadronic 
energy flow we use the cells of  the LAr calorimeter  
and of  the BEMC. The reconstruction of  calorimet- 
ric energies is described in more detail  in [6,8]. The 
calorimeters and the tracking system are placed in- 
side a superconducting solenoid which, together with 
the surrounding octagonal iron yoke, maintains  a 
uniform magnetic field of  1.2 T along z in the track- 
ing region. An electron detector, which is a part  of  
the luminosi ty measuring system, "tags" photopro-  
duction processes by detecting electrons scattered at 
small angles 0' < 5 mrad (0 '  = ~ - 0). The detector 
is a TIC1/T1Br crystal Cerenkov calorimeter  with an 
energy resolution of  10%/x/E. 

A coincidence of  the small angle electron detector  
signal (E '  > 4 GeV) with at least one track point- 
ing to the vertex region was used to trigger on events 
from interactions of  protons with quasi-real photons. 
The track condit ion is derived from the cylindrical 
MWPC and requires Pt ~> 150MeV/c. More details 
of  the trigger condit ions can be found in [9]. The 
events retained by this trigger condit ion were pro- 
cessed through the H 1 event reconstruction program. 
The events were accepted only if  the reconstructed 
vertex was found to be within the interaction region 
([z[ < 44 cm, with the nominal  interaction point  at 
z = 0). The loss due to events outside this region 
was determined to be (12 ± 2)% using a track inde- 
pendent  trigger. Events containing cosmic ray show- 
ers and beam halo muons were rejected using pat- 
tern recognition in the central tracking system and in 
the LAr calorimeter.  For  the remaining events we re- 
quired the fractional energy of  the photon measured 
in the small angle electron detector to have 0.25 < 
y < 0.7, where 

y = 1 - E ' / E  

and E and E '  are the energies of  the incoming and 
scattered electrons respectively. This range in y corre- 
sponds to a range of  the energy of  the 7P system ( W )  

of  150 GeV to 250 GeV. The cut removes events from 
the tails of  the electron energy distr ibution where the 
acceptance is small. The photon virtuali ty Q2, given 
by 

Q2 = 4 E E '  cos 2 ( 0 / 2 ) ,  

is restricted to values < 0.01 GeV 2. This range of  Q2 
is l imited by the ranges of  the detected energy and an- 
gle of  the scattered electron in the electron detector. 
Results presented in this paper  are for e p  cross sec- 
tions integrated over the kinematic range in y and Q2 
given above. 

A jet  finding algorithm was applied to the events 
passing the above selection criteria. The definit ion 
of  a jet  is based on the transverse energy in the 
calorimeter  contained within a cone of  radius R = 
~d/Aq 2 -}- A~b 2 : 1.0, where A~/ and Aq~ (in radians)  
are pseudorapidi ty  and azimuth intervals. Through- 
out this paper  the transverse energy is defined with 
respect to the beam axis. Only calorimeter cells in 
the pseudorapidi ty  range - 2  < qceu < 2.5 were con- 
sidered in the jet  search. Within this region, we se- 
lect the cone with the highest transverse energy in 
the event. The transverse energy E1 within the cone 
is calculated as the scalar sum of  transverse energy 
of  its component  calorimeter cells. The cone axis is 
taken to be the vector pointing from the event vertex 
to the transverse energy centroid of  all cells within 
the cone [10]. Cones with Et > 7 GeV are accepted 
as jets and the cells inside such cones are removed for 
the subsequent search of  the next highest Et cone in 
the event. The jet  search in the event is stopped when 
no further jet  cone with Et > 7 GeV can be found. 
For  the analysis we used only jets with the axis inside 
the central pseudorapidi ty  interval - 1  < q < 1.5. 
A total of  256 events with 276 jets  satisfying these 
criteria were selected for further analysis. 

A potential source of  background in this data sam- 
ple is the accidental coincidence of  a proton beam gas 
interaction with an electron scattered at small angle 
in the same event. This background contribution was 
est imated using data taken with a non-colliding pro- 
ton bunch and the rate of  the small angle electron de- 
tector alone. The expected contr ibution of  3 events 
was neglected in the following study. 

The Monte Carlo (MC) simulations which were 
used for acceptance calculations and comparisons 
with the data, are based on the event generator 
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Fig. 1. Energy spectrum of the scattered electrons as mea- 
sured by the small angle electron detector (o) and predicted 
by simulation (histogram). 

PYTHIA 5.6 [11]. The simulation of  the ep colli- 
sions includes leading order  QCD calculations for 
the hard scattering processes, summing the contribu- 
tions from direct and resolved photon interactions. 
The effects of  initial and final state QCD radiat ion 
are described by leading logarithm parton showers. 
Multiple pat ton interactions are not included. The 
hadronic fragmentation of  the patrons follows the 
Lurid string model [12] as implemented in JET- 
SET [11 ]. The generated events were fed into the 
H1 detector simulation program and subjected to 
the same reconstruction and analysis chain as the 
real data. The QED radiative corrections to the je t  
cross section are expected to be small (~< 2%) for the 
present experimental  condit ions and are not consid- 
ered in this analysis. 

From MC simulation the mean overall efficiency 
of  the trigger condit ions and the selection criteria, in- 
cluding the geometrical acceptance of  the electron de- 
tector, was determined to be (48+3)%. This efficiency 
as a function of  the energy of  the scattered electron E' 

was used to calculate the cross sections given below. 
A comparison of  the expected distr ibution of  E '  with 
that measured using the electron detector is in fig. 1 
and it shows good agreement between data and MC. 

The properties of  the events containing high Et jets 
were examined in terms of  the transverse energy flow 
in the region around the jet  axis. This is shown in 
fig. 2 in two ranges of  r / for  jets with Et > 7 GeV as 
a function of  At / in tegra ted  over [A~b I < 1.0 (fig. 2a, 
2c) and as a function of  A~b integrated over IAq[ < 1.0 
(fig. 2b, 2d).  Here A~/and A~b are the coordinates of  

a calorimeter  cell in q and $ relative to the jet  axis. 
The MC describes the jet  profile well in the range 

- 1 . 0  < r/ < 0.5 (fig. 2a, 2b).  However in the range 
0.5 < r /<  1.5 (fig. 2c, 2d) the data show larger aver- 
age values of  Et outside the jet  cone on the forward 
side of  the jet  than predicted by the MC. The contri- 
but ion of  this excess to the total Et inside a je t  cone is 
found to be almost independent  of  Et and to increase 
with r/ of  the jet.  For  jets with q = 1.5 it is about 
0.4 GeV and for jets  in the barrel region with ~/< 1.0 
it is negligible. The difference in energy flow in the 
region close to the proton beam direction could possi- 
bly be at tr ibuted to an incorrect description of  initial 
state radiat ion and spectator fragmentation effects in 
the simulation. We note that this difference may also 
be understood in the framework of  models with mul- 
tiple parton interactions. The uncertainty due to de- 
tector effects is taken into account in the analysis of  
systematic errors described below. 

To obtain an inclusive jet  cross section we corrected 
the observed jet  rates for detector effects. Correction 
functions e (Et) and e(r/) were derived by compar-  
ing the transverse energy and pseudorapidi ty  distri- 
butions for jets in reconstructed Monte Carlo events 
with those of  generator jets. Generator  jets  were taken 
to be the jets found from the original final state parti-  
cles using the same jet  algorithm as for reconstructed 
events. For  the determinat ion of  the correction func- 
tions (not for the comparisons of  models with the 
data given below), the MC was weighted to describe 
the shape of  the observed Et and r /dependence of  the 
jet  rates. No addit ional  corrections were applied, ei- 
ther for the jet  energy lost outside the jet  cone, or for 
the non-jet energy contribution inside the cone. The 
obtained correction function e (Et) by which the ob- 
served jet  rates are to be mult ipl ied was found to vary 
from about 1.3 to 1.0 over the range 7 < Et < 17 GeV 
and e (q) from about 1.6 to 1.0 over the range - 1.0 < 
r / <  1.5. The Et resolution determined by MC varied 
from about 2 GeV for jets  with Et = 7 GeV to about 
3 GeV for jets with Et = 17 GeV. The resolution in 
q was found to be about 0.2 in the whole q region. 

The corrected ep inclusive jet  cross section is given 
in fig. 3 and in table 1 as a function of  Et and pseu- 
dorapidi ty  r/. The cross sections rise strongly with q 
and decrease with transverse energy approximately 
as Et -5"5. The quoted errors receive contributions 
from statistics, systematic bin-to-bin uncertainties, 
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Fig. 2. Transverse energy flow in the region of the jet axis as a function of A~/ integrated over IA¢I < 1.0 (a), (c) and A¢ 
integrated over IAr/I < 1.0 (b), (d) for jets with Et > 7 GeV in the ranges -1.0 < ~/< 0.5 (a), (b) and 0.5 < t/< 1.5 (c), 
(d) for data (o) and Monte Carlo (histogram). 

and a scale error affecting only the overall cross sec- 
tion normalisation. Statistical and systematic bin- 
to-bin uncertainties are shown in table 1 and added 
in quadrature in fig. 3 (outer error bars). The inner 
error bars in fig. 3 represent the statistical errors 
only. The overall uncertainty of the cross section 
normalisation amounts  to ±40%. 

In the following the contributions to the systematic 
uncertainties are described. 

The hadronic energy scale of the LAr calorimeter 
based on beam tests [8] has been verified from the 
balance of transverse momentum between hadronic 

jets and the scattered electron in deep inelastic events. 
The present estimate of the overall calorimeter en- 
ergy scale uncertainty for hadronic jets amounts to an 
overall value of +7% allowing for an additional bin- 
to-bin contribution of ±4% caused by possible system- 
atic differences between calorimeter sections. These 
numbers are expected to improve in the future using 
high statistics data samples. Taking into account the 
steep slope of the inclusive jet cross section (Et -5"5) 
the quoted energy scale uncertainties correspond re- 
spectively to ±38% and ±22% uncertainty in the cross 
section. For these present low energy measurements, 
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Fig. 3. Inclusive jet Et spectrum (a) integrated over the pseudorapidity interval -1 .0  < V < 1.5 and inclusive V spectrum 
(b) for jets with Et > 7 GeV. The inner error bars represent the statistical errors, the outer error bars the statistical and 
bin-to-bin systematic errors added in quadrature. The overall systematic uncertainty of :t:40% is indicated. The curves show 
leading-order QCD calculations in the framework of the PYTHIA event generator using the photon structure functions LAC-3 
(dashed fine), LAG-2 (dashed-dotted fine), GRV-LO (full fine) and GRV-LO, but excluding the giuons originating from the 
photon (dotted fine). 

the uncer ta in ty  in the j e t  energy resolut ion contr ibutes  

10% to the overal l  systematic  error. The  de te rmina-  

t ion o f  the correct ion funct ions  e (Et)  and e (q) give 

rise to bin- to-bin uncer ta int ies  o f  + 10%. The  lat ter  

Table 1 
Inclusive jet ep cross section for Et > 7 GeV and - 1.0 < 
r /< 1.5 averaged over the range 0.25 < y < 0.7 and Q2 < 
0.01 GeV 2. Statistical and systematic bin-to-bin errors are 
given. Not included is an overall systematic error of 4-40%. 

Et do' /dEt q do'/dr/ 
(GeV) (nb/GeV) (nb) 

7- 9 10.4 4- 1.1+2:6 - 1 . 0 - - 0 . 5  
9-11 2.0 +05 4- 0.4_0~5 -0.5-0.0  

11-13 1.1 4 - 0 t  +°'3 0.0-0.5 "--0.3 
13-15 0.37 + ~3 19 +0.09 0.5-1.0 

. . . . .  - 0 . 1 0  
15-17 0.234-0 11 +0.06 1.0-1.5 

. . . .  - 0 . 0 6  

2.7+ 1.0+0.7 
6.2 -4- 1.4 + 1.5 

8.8+ 1.7-1-2.1 

15.6 + 2.7 + 3.8 
22.4 ± 3 1 +5.4 

" - 7 . 1  

were de te rmined  by varying the the shape o f  the M C  

spec t rum wi th in  the range o f  errors o f  the measured  

spectrum. Trigger  eff iciency and luminos i ty  measure-  

men t  have  uncer ta int ies  o f  + 6 %  and +7% respec- 

tively, which go into the overal l  normal i sa t ion  error.  

We make the conserva t ive  assumpt ion  that  the lack o f  

t ransverse  energy close to the p ro ton  b e a m  di rec t ion  

for the Mon te  Carlo re la t ive  to the data  (discussed 

above  and shown in fig. 2) may  be a t t r ibuted  entirely 

to deficiencies  in the detector  descr ipt ion,  which gives 

rise to a 20% addi t iona l  systemat ic  error  for forward  

je ts  (q > 1 ). The  different  cont r ibut ions  to the uncor-  

related part  o f  the systematic  error  are added  quadra t -  

ically and given in table 1. 

We compare  the data  in fig. 3 with predic t ions  for 

the je t  cross section based on the event  genera tor  

P Y T H I A  discussed above.  It should be noted  that  the 

predic t ions  for je ts  with Et > 7 GeV are independen t  

o f  the m i n i m u m  m o m e n t u m  transfer,  Pt,min, in the 
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hard scattering process, providing et,min is less than 
3 GeV. Uncertaint ies in the proton structure function 
have little influence on the predictions. Most of  the 
Bjorken x range of  the proton structure function rel- 
evant for the present jet  sample (x > 0.01 in about 
85% of  the events and (x) ~ 0.08) is covered by re- 
cent experiments [13]. We use a recent leading or- 
der  parametr izat ion GRV [14] of  the proton struc- 
ture function. The predictions for the jet  rates dif- 
fer by less than 10% using other recent leading order 
parametr izat ions [ 15 ]. 

We study the sensitivity to the photon struc- 
ture function by using three leading order  QCD 
parametr izat ions  which differ mainly in the gluon 
densities. The MC predict ion using the parametr iza-  
tion of  Glfick et al. [16] (GRV-LO)  is shown to- 
gether with predict ions using two parametr izat ions 
of  Abramowicz et al. [17], the sets 2 and 3 (LAC-2 
and LAC-3),  the latter of  which assumes a very high 
gluon density at large xy. Here xy refers to the mo- 
mentum fraction which the parton from the photon 
carries into the hard process. To demonstrate  the 
sensitivity to the gluon content of  the photon, we' 
also show the predicted cross section due to parton 
sub-processes ini t iated only by quarks, and not by 
gluons, in the photon (dotted line) using the GRV- 
LO parametr izat ion of  the photon structure function. 
The measured jet  cross section is consistent with that 
expected due to hard processes ini t iated by quarks 
in the photon allowing for a substantial  contr ibut ion 
from gluon ini t iated processes. 

The shape of  the inclusive jet  cross section dcr /dEt  
is well described by the predictions in the covered 
range - 1 . 0  < q < 1.5. The cross section calculated 
with LAC-3, however, is higher than the data by a 
factor of  3, while GRV-LO and LAC-2 are compati-  
ble with the data. The cross section da/dq shows a 
steeper rise with r / than  predicted by the models. 

Recent next to leading order  QCD calculations for 
jet  photoproduct ion show that the corrections to the 
leading order  jet  cross section amount  to ~< 20% for a 
cone size R ~ 1 [ 18,19 ]. 

We have presented the first measurement  of  inclu- 
sive jet  cross sections for the interaction of  electrons 
scattered at small angles (Q2 ~< 0.01 GeV 2) with pro- 
tons. The cross sections correspond to center of  mass 
energies of  the virtual pho ton-p ro ton  system between 
150 and 250 GeV (0.25 < y < 0.7). Within the 

central interval of  pseudorapidi ty  - 1  < 1/ < 1.5 the 
jet  cross section decreases with transverse energy like 
E t  55. This shape is well described by leading order 
QCD calculations using the PYTHIA event genera- 
tor. None of  the models, however, describe well the 
measured r /dependence.  
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