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Chapter 3 

Jet photoproduction 

In this chapter, after an introduction of the kinematics, different theoretical aspects are dis
cussed. This includes a discussion of jet finding algorithms, of the available theoretical predic
tions to which data can be compared and of the theoretical considerations taken into account 
in the definition of the cross section. After describing the cross section definition, the chapter 
concludes with a discussion of the uncertainties present in the comparison between data and 
theory. 

3.1 The kinematic variables 

A diagram of resolved dijet photoproduction is given in figure 3.1. The four-momenta of the 
incoming and outgoing particles are indicated in the figure. 

j(q = E~,,q) 

jet 1 (EÇI, rf, <<) 

jet 2 ( 4 t rff\ 4et) 

Figure 3.1: Generic diagram of a resolved dijet photoproduction event. 

The kinematic variables, relevant to the present analysis, are1: 

1 As the processes we are dealing with involve high momenta, the masses of incoming particles and of particles 
in the final state are neglected throughout this thesis. 
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• EJ
T

et, r/jet and <f>>et: the transverse energy, the pseudorapidity2 and the azimuthal angle of 
the jets. 

• Q2: the virtuality of the exchanged photon, which is defined as: 

Q2 = -q2 = - ( * - k')2 , (3.1) 

• y: the fractional energy transfer from the positron to the proton in the proton's rest 
frame, also referred to as the inelasticity, y is defined as: 

This formula can be rewritten as: 

2 / = l - J r ( l - c o s ^ ) , (3.3) 

where 6' is the scattering angle of the positron, defined with respect to the positive z axis. 
In the photoproduction limit (6'e -» 180°) formula 3.3 reduces to y = Ee^E'f = f1, where 
E1 is the energy of the exchanged photon, y is related to W7P, the centre-of-mass energy 
of the 7p-system, via: 

Wlp=^/y~s, (3.4) 

where s is the squared centre-of-mass energy in the positron-proton system. 

x°bs: the fractional momentum of the photon participating in the production of the two 
highest ET jets, defined as [30]: 

„obs EÇyï' + E^e-rt" 
-^ET (3-5) 

In the leading order massless approach and under the assumption that partons in the 
photon are collinear with the photon, i.e. in the infinite momentum limit, x°bs is equivalent 
to Bjorken x of the parton in the photon. 

• xfroton- t n e fractional momentum of the proton participating in the production of the two 
highest ET jets, defined as: 

x 
.obs 
proton 

E^ert" + EÇ'ert 
2E„ 

(3.6) 

-'The pseudorapidity is defined as: r\ = - In (tan f ), where 6 is the polar angle with respect to the proton 
beam direction, hereafter referred to as forward. 
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3.2 The reconstruction of jets 

To determine the dynamics of the subprocess in a hadronic interaction, particles in the final 
state are grouped into jets. The properties of these jets are expected to correspond closely to the 
kinematics of the partons produced in the hard subprocess. This correspondence, referred to as 
"Local Parton Hadron Duality" (LPHD), can only be satisfied when the applied algorithm to 
define jets is infrared safe, i.e. when the outcome of the algorithm is insensitive to the emission 
of soft or collinear partons. 

Two classes of algorithms are available to define jets: cone algorithms and clustering algo
rithms. A description of two algorithms belonging to these classes is given below. Jet finding 
algorithms are in general applied to a set of objects that represents the final state. These 
objects can be: the cells or clusters of cells in the calorimeter in which energy was deposited 
or the hadrons in the final state as predicted by a Monte Carlo event generator. For both 
algorithms, jet properties are calculated following the Snowmass convention [31], according to 
which the transverse energy and the angles of a jet are calculated with the formulae: 

i 

i i 

i i 

where the sum runs over all objects i assigned to a jet. 

3.2.1 Cone algorithm 

The cone algorithm commonly used in ZEUS works as follows: 

1 First a subset of all objects in the final state, with transverse energy greater than 300 
MeV, is selected. These are called "seeds". 

2 Then all objects within a cone of radius R in (rj, <j>) space around a seed (i.e. with 
y/Arj2 + A4>2 < R), are assigned to this seed. The cone radius R is usually taken to be 
0.7 or 1. 

3 Jet variables are calculated for the seeds according to the formulae 3.7, where the sum 
runs over all objects assigned to the seed. The (r?, 0) coordinates of the jets are taken as 
a new set of seeds. 

4 Steps 2 and 3 are repeated until convergence is reached: this is considered to be the case 
when after a new iteration all objects are still assigned to the same jets. 

5 Finally, overlapping jets are merged when the shared fraction of the transverse energy is 
greater than 75%. When the shared transverse energy is less, the objects in the overlap 
region are assigned to the nearest jet. 
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3.2.2 kr clustering algorithm 

The clustering algorithm used in ZEUS is the longitudinal invariant /cr-clustering algorithm [32], 
which we run in the inclusive mode [33] according to the following recipe: 

1 For every pair of objects in the final state (i,j) a distance parameter is defined: 

dtJ = m m ( £ : f , ^ ) 4 , (3.8) 

where R% = AT??- + ù><f>%. 

2 For every single object, i, the distance to the beam is defined as: 

d, = E2
TlR

2- (3-9) 

where R is chosen to be 1. 

3 If of all values dy and d;, dki is the smallest, the objects k and I are merged according 
to the formulae 3.7, if however dk is the smallest of all values, then object k is removed 
from the sample and added to the list of jets. 

4 Steps 1 to 3 are repeated until for every object i, di < min(dij). 

The objects remaining when the procedure is finished are the jets. 

3.2.3 Theoretical considerations on jet algorithms 

For comparisons between data and theory, jet algorithms have to be applied to different sets 
of four-momenta representing the hadronic final state. These can be the four-momenta of the 
energy deposits in the detector, of the real final state hadrons or of the outgoing partons from 
the hard subprocess. A suitable jet algorithm should not be sensitive to the type of objects to 
which it is applied. 

The first and second set of objects mentioned, consist of many four-momenta that have to 
be combined into jets, whereas the third set, in general, consists of the four-momenta of only 
2 or 3 outgoing partons. This situation is known to cause problems for cone algorithms. It is 
clear that the number of objects in the final state plays an important role in the selection of 
seeds and in the merging of jets. An example of a problematic configuration is the situation 
where two jets in the final state are separated by just less than 2R in (77, (f>) space (see figure 
3.2). In a final state with many objects these two jets will be recognised as separate jets. In 
a final state of only a few partons the situation is unclear. Although it is clearly natural to 
consider the two partons as separate jets, both partons fit into a single cone of radius R and 
should therefore be combined. Solutions have been devised to cure these problems [34, 35]. 
The most widely applied solution implies the introduction of the parameter Rsep, when the jet 
algorithm is run on a small number of particles. Rsep is the maximum separation between two 
partons that can still be combined into one jet. The value of this parameter, however, has to 
be tuned to data. 

The kT clustering algorithm is considered to be theoretically more sound. It does not 
involve the choice of seed cells and the merging of jets is unambiguous. This makes the latter 



3.3. THEORETICAL PREDICTIONS 23 

many objects ^*^ few objects 

Figure 3.2: Example of configurations of four-momenta, for which the assignment of jets can be ambiguous 

for cone algorithms. On the left, a configuration is shown which contains many four-momenta, while on the 

right a very similar configuration is shown consisting of only two four-momenta. 

algorithm preferable when data are compared to theoretical predictions, like for example NLO 
QCD calculations. For this reason the jet cross sections measured in this thesis have been 
determined using the kr clustering algorithm. 

3.3 Theoretical predictions 

The aim of the measurement presented in this thesis is to make a quantitative comparison 
between a measurement of jet photoproduction and the corresponding QCD predictions. Such 
a comparison represents a quantitative test of perturbative QCD and may also provide new 
information on the hadronic structure of the photon. 

At present experimental results on jet photoproduction can be compared to two classes of 
theoretical predictions: 

• fixed order perturbative QCD calculations which are currently available up to and includ
ing the next-to-leading order ö(aaf). 

• Monte Carlo event generators, which contain leading order matrix elements, a resumma-
tion of soft gluon radiation and some phenomenological treatment of the fragmentation 
of partons into hadrons. 

For jet photoproduction cross sections it has been shown that NLO corrections are sizeable, 
see e.g. [36]. Therefore NLO QCD calculations represent the most suitable theoretical pre
dictions to make quantitative comparisons to. Leading order Monte Carlo programs, although 
unable to reproduce the absolute normalisation of the cross section, describe very well the 

obs 
7 shape of differential cross sections and other distributions, like the rfet distributions, the x 

distribution or the energy flow in events. This is no surprise, since leading and next-to-leading 
order calculations for dijet photoproduction have been found to differ in the normalisation but 
very little in the shape [36]. For this reason, Monte Carlo programs, containing only leading 
order matrix elements, are suitable for the unfolding of detector effects from the measured cross 
sections and for the study of systematic uncertainties. 
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3.3.1 Monte Carlo models 

Monte Carlo generated photoproduction events are passed through a full simulation of the 
ZEUS detector and are analysed in the same way as the data. 

Two leading order Monte Carlo programs are used to generate dijet photoproduction events, 
HERWIG 5.9 [37, 38] and PYTHIA 5.7 [39, 40]. The general structure of these programs as
sumes the factorisation of the scattering process into a hard scattering amplitude, final and 
initial state perturbative radiation, non-perturbative fragmentation in the final state and par-
ton evolution in the initial state. The hard scattering amplitude contains only the leading 
order matrix elements. Differences between the two Monte Carlos lie in the treatment of the 
perturbative radiation and the non-perturbative fragmentation. The most important features 
of the two Monte Carlo models are discussed below. 

For both generators event samples corresponding to direct and resolved photoproduction 
are generated separately. The parton density functions for the proton and the photon are the 
CTEQ3-LO [41] and the GRV-LO [22, 23] parametrisations, respectively. 

HERWIG 5.9 

The HERWIG 5.9 Monte Carlo uses the equivalent photon approximation [11] (EPA) to gen
erate the spectrum of photons radiated from the incoming positron. 

Parton radiations from the incoming and outgoing partons of the hard subprocess are re-
summed under the assumption of angular ordering of the subsequently emitted partons. The 
parton emissions are continued until the squared transverse momentum of the radiated partons 
becomes too low and perturbative QCD is no longer applicable. This limit is chosen around 
1 GeV2. 

The non-perturbative fragmentation in the final state is governed by the phenomenological 
cluster fragmentation model. First, all gluons produced in the perturbative parton shower are 
split into quark anti-quark or diquark anti-diquark pairs. Then, quarks are combined with 
their nearest neighbouring anti-quark or diquark, to form colour singlet clusters. When these 
clusters are light, they are taken to be hadrons. Heavier clusters are allowed to decay into 
lighter hadrons. 

In general the philosophy of HERWIG is to describe the perturbative stage in as much 
detail as possible. Local Parton Hadron Duality should then ensure that observables sensitive 
to the hard parton dynamics, i.e. infrared safe observables, are not affected by the final non-
perturbative stage. This should allow the fragmentation to be governed by a relatively simple 
model. As a consequence of this approach the HERWIG Monte Carlo contains very few tunable 
parameters and has therefore high predictive power. 

PYTHIA 5.7 

The PYTHIA 5.7 Monte Carlo uses the Weizsäcker Williams Approximation [11] (WWA) to 
generate the spectrum of photons radiated from the incoming positron. As the Weizsäcker 
Williams Approximation provides only the y dependence of the photon spectrum, and not the 
Q2 dependence, the latter has to be implemented ad hoc. We will discuss this issue in more 
detail in section 6.3.2. 
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Parton emissions from the incoming and outgoing partons of the hard subprocess are re-
summed under the assumption that subsequently emitted partons are ordered according to 
their virtuality. As in HERWIG, the perturbative parton radiation stage is stopped when the 
squared transverse momentum of the radiation becomes less than 1 GeV2. The non-perturbative 
fragmentation is governed by the string fragmentation or Lund model. In this model, for all 
colour singlet quark anti-quark pairs moving apart, a colour string is stretched between the 
two partons. As the length of this string increases, the potential energy increases. A new 
quark anti-quark pair is generated, breaking up the string into two colour singlet strings. If 
the invariant mass of these strings is high enough they can again be split up. This procedure 
continues until a set of on-shell hadrons is formed. 

Other Monte Carlo models 

Neutral and charged current deep inelastic scattering Monte Carlo samples are used to study 
background contaminations of the dijet photoproduction sample. Both samples are generated 
using the DJANGO program. This program connects the event generator LEPTO, which can 
be used for both NC-DIS and CC-DIS processes, to HERACLES, which simulates electroweak 
radiative corrections, and ARIADNE, for the simulation of the fragmentation. For the NC-DIS 
sample the GRV parametrisation of the parton densities in the proton was used and for the 
CC-DIS sample the CTEQ4M [42] parametrisation was used. 

Reweighting the Monte Carlo samples 

As mentioned earlier, the photoproduction Monte Carlo models contain only the leading order 
contributions to the hard scattering. As a result of this, they underestimate the absolute jet 
cross sections. To obtain a good description of the data, the resolved and direct contributions 
in the Monte Carlo models are scaled. The required scale factors are determined from a fit to 
the measured x°bs spectrum (see section 6.3.1). The outcome of this fit is that for HERWIG 
(PYTHIA) the direct component is scaled by a factor 1.92 (1.26) and the resolved component 
by 1.78 (1.31). For the remainder of this thesis all HERWIG and PYTHIA predictions shown 
include these scale factors. 

3.3.2 Jet photoproduction in next-to-leading order 

Currently, NLO QCD calculations incorporate our best knowledge of jet photoproduction. 
These calculations are available from several theoretical groups: M. Klasen et al. [36, 43], B. 
Harris et al. [44], S. Frixione et al. [45] and P. Aurenche et al. [46]. Calculations performed by 
different groups have been compared in [47] and were found to agree within 5%. The programs 
calculate jet cross sections up to order ö(aa2

s). Jets are identified by applying a jet algorithm 
to the outgoing partons. The renormalisation and factorisation scales in the calculations are 
taken to be equal to the highest transverse jet energy in an event. The value of AQCD is taken 
to match that of the parton density functions used for the proton. All calculations include 5 
quark flavours, which are treated as massless quarks. In the calculations the renormalisation 
and factorisation scales are chosen equal to the transverse energy of the highest transverse 
energy jet. 



26 CHAPTER 3. JET PHOTOPRODUCTION 

The main difference between the available NLO QCD calculations lies in the treatment of 
infrared and collinear singularities, which appear through the radiation of very soft or collinear 
gluons. Two methods are used: 

• the phase-space-slicing or cone method in which one or more cutoff parameters are 
introduced to separate the regions in phase space that contain singularities. These phase 
space regions are then calculated analytically in the singular limit, rather than being inte
grated over. The remaining phase space that contains no more singularities is integrated 
over numerically. When the different regions are added together all dependence on the 
unphysical cutoff parameters should drop out. The cutoff parameters must be chosen 
sufficiently small to achieve this. Different variables are used to separate the singular 
regions: M. Klasen et al. [48] employ an invariant mass cutoff to separate both the soft 
and collinear regions, B. Harris [49] et al. and P. Aurenche et al. [46] use two distinct 
parameters to separate the soft and collinear regions. 

• the subtraction method in which singularities are cancelled by subtracting appropriate 
soft and collinear counterterms [50]. This method is applied in the calculations of S. 
Frixione et al.. 

3.4 Definition of the measurement 

In this thesis we present a measurement of dijet photoproduction. This process is particularly 
suited to study the structure of the photon, because the reconstruction of two jets in the final 
state allows for the determination of the fractional momentum of the photon participating in 
the hard interaction, using the formula 3.5. 

To make a meaningful comparison between data and NLO QCD predictions, the measure
ment must be defined in such a way that non-perturbative effects, which are not included in 
these predictions, play a small role. To assure this, first of all, a hard scale must be present in 
the measured process. This scale is provided by the transverse energy of jets produced in the 
interaction. Yet, even in a process in which a hard scale is present, non-perturbative effects 
can play a role. These effects are: 

• the fragmentation of partons into hadrons, 

• underlying events, i.e. soft or hard interactions between partons inside the colliding 
particles other than the partons involved in the primary hard scatter. 

The definition of the cross section presented in this thesis tries to avoid the sensitivity to 
the effects discussed above. It builds on the improved understanding of jet photoproduction 
and comparisons to NLO QCD, gained in previous analyses ([30] and [51] to [55]), and on a 
significant theoretical effort in the recent past ([32] to [36], [43] to [50] and [56] to [59]). 

The cross section is subjected to a set of conditions, designed to minimise theoretical un
certainties: 

• The cross section is determined for photoproduction events with relatively high transverse 
energy jets. A previous jet photoproduction analysis [53] has shown that for EC " > 
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11 GeV, the dijet cross section agrees with NLO QCD predictions, within the experimental 
uncertainties. At lower transverse energies the dijet cross section for x°bs < 0.75 is above 
the theoretical predictions. This is ascribed to the effect of underlying events that add to 
the transverse energy of jets. 

• An asymmetric cut is applied on the transverse energy of the two highest transverse 
energy jets. The application of a symmetric cut poses a stability problem for some of the 
available NLO QCD calculations [56]. 

• Symmetrisation of the cross section with respect to the pseudorapidity of the two highest 
transverse energy jets has been claimed to remove infrared instabilities in the NLO QCD 
calculations [57]. The reason is that since in leading order both jets have equal transverse 
energy, the identification of the highest transverse energy or leading jet is sensitive to 
soft radiation effects. Therefore the pseudorapidity of the jet identified as that having 
the highest transverse energy is an infrared unsafe variable. The transverse energy of the 
leading jet itself is not infrared unsafe since it will change only marginally due to soft 
radiation. The symmetrisation procedure entails analysing each event twice, as explained 
below. 

• Jets are defined using the longitudinal invariant fc-r-clustering algorithm [32] in the inclu
sive mode [33], where the parameter R is chosen equal to 1. This algorithm provides a 
jet reconstruction that is suitable for comparisons between data and theory (as discussed 
in section 3.2). 

The dijet photoproduction cross section presented in this thesis refers to events in which at 
least two jets, as defined by the fc-r-clustering algorithm, are found in the hadronic final state. 
These jets are required to have pseudorapidities between —1 and 2, transverse energy of the 
highest transverse energy jet, EÇleadi , greater than 14 GeV and the transverse energy of the 
second highest transverse energy jet, Ejet

second, greater than 11 GeV. The cross section is given 
in the kinematic region defined by: Q2 < 1 GeV2 and 0.20 < y < 0.85. 

This cross section is measured as a function of three variables: Eifleadi , 7jjei and r^1. The 
cross section is symmetrised with respect to the pseudorapidities of the two jets. Every event 
contributes twice to the cross section, once with rfx

e = rijfading and rf2
et = f]lfcond and a second 

time with r]f = T]le
elond and rf2

et = vCding-

The cross section is determined for the full range of i * values and for a direct photopro
duction enriched region with x°bs > 0.75. The cross section as a function of the pseudorapidity 
of the jets is also measured in a narrower band of y values between 0.50 and 0.85, where the 
sensitivity to the photon structure is expected to be higher, as will be explained in section 8.2. 

In the kinematic regime of the measurement defined above, the fractional momentum x 
at which partons inside the proton are probed lies predominantly in the region between 10~2 

and 10_ 1 . At these x values the parton densities in the proton are strongly constrained by 
measurements of the structure function F2 in deep inelastic lepton-proton scattering [60]. The 
fractional momentum x~t at which partons in the photon are probed lies between 0.1 and 1. 

As discussed in chapter 2, at high x7 values the quark densities in the photon are not strongly 
constrained by F2 data obtained from 77* scattering in e+e~ experiments [16, 17, 18, 19]. In 
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kinematic regions, where NLO QCD calculations should describe the data, the comparison of 
the data to these calculations can put additional constraints on the parton density distributions 
in the photon at high x1 values and at higher scales than attainable at e+e" experiments. 

3.5 Uncertainties in the comparison of data to NLO QCD 

Jet measurements at the Tevatron [61] pp collider, although generally in good agreement with 
NLO QCD, show discrepancies in the ratio between jet cross sections at different centre-of-
mass energies. These may be connected to non-perturbative effects, like underlying events or 
fragmentation [62]. A number of these effects, which may also be of relevance to the present 
study, are investigated in this section. In section 6.3, where we compare distributions of a 
sample of dijet events to the corresponding Monte Carlo predictions, we discuss the effect of 
possible underlying events. 

3.5.1 Fragmentation 

One of the main uncertainties is the effect on the cross section due to the fragmentation of par-
tons into hadrons. Measured cross sections are only corrected for detector effects and therefore 
refer to the hadrons in the final state. The NLO calculations do not contain parton-to-hadron 
fragmentation and thus refer to the outgoing partons of the calculated diagrams. This parton 
level cross section is not directly observable and it is therefore not desirable to correct the mea
sured cross sections to that for the outgoing partons (parton level), since this would introduce 
model dependencies in the data. 

Although jet cross sections are mainly sensitive to the dynamics of the hard subprocess it is 
inevitable that the parton-to-hadron fragmentation has some effects on the measured jet cross 
sections. From theory such effects are expected to become smaller when the cross section refers 
to jets with higher transverse energies. 

We discuss two studies into hadronisation effects that have been performed for the dijet 
cross section, as defined in section 3.4. The studies are based on the leading order Monte Carlo 
models HERWIG 5.9 [37, 38] and PYTHIA 5.7 [39, 40], It needs to be stressed that these 
studies give merely an estimate of how large hadronisation effects can be, since the estimate 
relies on a model to describe the fragmentation and also since the set of final state partons is 
only an approximation of the outgoing partons in a NLO calculation. 

In a study using the HERWIG and PYTHIA Monte Carlo photoproduction models, the 
cross section for jets of hadrons was compared to that for jets of partons produced in the two-
to-two hard subprocess and in the parton showers (see figure 3.3). The change in the jet cross 
section due to the parton-to-hadron fragmentation is found to be less than 10% in most of the 
kinematic regime. Only for events with one or more very backward jets {rfet < -0.5) was a 
more sizeable change observed. For these events the cross section is reduced by up to 40% due 
to fragmentation effects. In a comparable study presented in reference [58] the cross section 
for jets of hadrons was compared to that for jets of partons produced in the two-to-two hard 
subprocess. The relative difference between these cross sections was found to be less than 20%, 
except again for events with very backward jets {rfet < -0.5), where the change in the cross 
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section becomes as large as 50%. 

\<rf?<2 

- 1 

Figure 3.3: The ratio between the dijet cross section based on hadrons and that based on partons as predicted 

by HERWIG and PYTHIA. The ratio is shown for the dijet cross section as a function of the pseudorapidity of 

one of the jets while the other jet is restricted to a given pseudorapidity range. 

3.5.2 Scale uncertainty 

Another theoretical uncertainty is the contribution to the cross section of higher order dia
grams which have not been included in the calculations. An indication of the size of these 
contributions can be obtained by studying the dependence of the calculated cross sections on 
the renormalisation and factorisation scales. This dependence, which exists for any fixed order 
calculation, vanishes when all orders are included. The variation of the results, when the scales 
are varied within a reasonable range, can be used as an estimate of the magnitude of higher 
order corrections. For the calculations corresponding to the presented cross sections, the scale 
dependence was found to be less than 15%, when the renormalisation and factorisation scales 
are varied between half and twice the nominal value [581. 

3.5.3 The proton structure 

As stated above, in the kinematic regime of the present measurement, the parton densities 
in the proton are strongly constrained by measurements of the structure function F* in deep 
inelastic lepton-proton scattering [60]. The largest uncertainty in the proton structure lies 
in the gluon densities. In figure 3.4 a comparison is made between NLO results, determined 
with the NLO code from Frixione et al. [45], using the low, central and high gluon density 
parametrisations from the MRST group [63], where low, central and high refers to the gluon 
density at very high x values (x > 0.2). In the x region of interest to the present analysis 
(0.01 < x < 0.1) the behaviour of the gluon densities tends to be opposite, i.e. the low gluon 
parametrisation gives the highest gluon density in this region. The variation in the calculated 
cross sections, due to the variation in the gluon density, was found to be about 6%. 
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Figure 3.4: The dijet photoproduction cross section, calculated in NLO QCD using the MRST central, high 
and low gluon parametrisations of the proton structure. The cross section was calculated for the full xobs range 
and for a region with x°bs > 0.75. 


