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Chapter 2 

The physics of hadrons 

The idea that hadrons are particles composed of smaller entities emerged in the sixties when 
it was shown that the many baryons and mesons, known at that time, could be classified 
according to the naïve quark model proposed by Gell-Mann and Zweig [3, 4]. This model is 
based on the SU (3) symmetry group and states that hadrons are built up from quarks that 
come in three different flavours. The three quark flavours correspond to the fundamental 
representation of the SU(3) group. Baryons are considered to be three-quark states while 
mesons are quark-anti-quark states. The SU(3) symmetry in the quark model is not an exact 
symmetry, indicated by the fact, for example, that hadrons belonging to the same irreducible 
representation, have different masses. A big success was the observation of the Q~ baryon [5], 
of which the quark model predicted the existence. In the framework of the quark model, the 
Pauli exclusion principle leads to the need for a new quantum number. This can be seen from 
the n~ for example, which consists of three quarks with identical flavours and with their spins 
aligned. This situation is forbidden by the Pauli principle unless another quantum number 
exists, that makes the wave function of the £2~ again anti-symmetric under the exchange of 
two quarks. This new quantum number, called colour, has led to the formulation of the theory 
of quantum chromodynamics (QCD) [6], that governs the strong or nuclear force. QCD is a 
non-Abelian Yang-Mills gauge theory that describes the force between coloured particles. Like 
the quark model, the theory of QCD is based on the SU(3) symmetry group, where in this 
case, the fundamental representation of the symmetry group corresponds to three colours. The 
symmetry of colour is an exact symmetry. The vector bosons that exchange the colour force 
are called gluons. 

In 1971 experiments by a SLAC/MIT collaboration [7] showed that the cross section for 
deep inelastic lepton-hadron scattering, in the region where resonances no longer play a role, is, 
within experimental uncertainties, independent of the momentum transfer in the interaction, if 
the standard dependence due to the photon propagator is taken into account. This property, 
called scaling, had been predicted by Bjorken [8] and leads to models in which hadrons are built 
up from free pointlike constituents, referred to as partons. These partons could be identified 
with the quarks introduced by Gell-Mann and Zweig. 
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2.1 Quantum chromodynamics 

For a detailed introduction to the theory of QCD an extensive literature is available [9]. In this 
section only its main aspects and implications are discussed. An important feature of QCD 
is the charge screening behaviour in this theory. This behaviour is opposite to the screening 
behaviour of e.g. the electromagnetic force. For an electron, due to vacuum polarisation, the 
effective charge decreases with increasing distance. For a coloured particle exactly the opposite 
occurs. The effective colour charge is small at short distances and increases when the distance 
becomes larger. This property is called anti-screening and explains the notions of asymptotic 
freedom and colour confinement, i.e. the existence of relatively free quarks inside hadrons that 
are nevertheless confined to these hadrons. 

2.1.1 The running coupling constant 

The properties of asymptotic freedom and colour confinement are described, quantitatively, 
by the running of the effective strong coupling constant as, which decreases with increasing 
momentum transfer and increases with decreasing momentum transfer. In lowest order the 
running of as is described by the formula: 
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where /j,T is the renormalisation scale, which is usually taken to be the momentum transfer 
in the interaction, N/ is the number of active quark flavours in the interaction and AQCD is 
a parameter that has to be determined experimentally. The formula shows that as decreases 
when /i r is large and increases when \xT becomes small. Large values of fir correspond to short 
distance interactions and small values of \ir to large distance interactions. From the formula it is 
clear that only when fi% 3> AqCD the coupling constant is much smaller than 1 and perturbation 
theory becomes applicable. For smaller values of \PT the perturbative approach breaks down. 
There are possibilities to extend QCD calculations to lower scales $ by a resummation of 
important diagrams to infinite order. For very low $ values, however, no method of performing 
realistic calculations is available as yet. 

2.1.2 The dynamics of QCD interactions 

QCD processes in which a hard scale is involved, i.e. short distance interactions, are calculable 
in perturbative QCD. In real life, these short distance interactions are always accompanied 
by large distance interactions, which are not calculable. In a hard QCD scattering process 
for example, there are always soft processes in the initial and final state that ensure that the 
incoming and outgoing particles are colour neutral at large distances. 

In figure 2.1 a schematic picture is given of the processes that play a role in a typical 
interaction governed by the strong force. In this case the interaction is between two hadrons. 
The basic picture is that of a parton inside hadron A interacting with a parton inside hadron 
B. The outgoing partons fragment into hadrons in the final state. 
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Figure 2 .1 : Schematic representation of the processes involved in a typical hard QCD interaction. 

To understand these processes in terms of QCD it is interesting to see how the different 
aspects of the interaction are dealt with in QCD calculations. 

The parton density functions (PDF's ) of hadrons, often denoted as f^adron(x, /i), repre
sent the number of partons inside the hadron carrying a fraction x of the hadronic momentum 
when the hadron is probed at a given scale ß. Hadronic PDF's are not calculable a priori in 
terms of QCD. They have to be determined experimentally. QCD does predict, however, how 
the PDF's evolve as a function of the scale at which the hadron is probed. This evolution is 
governed by the DGLAP [10] parton evolution equations, that incorporate the probability of 
a quark to split into a quark and a gluon and of a gluon to split into a quark and an anti-quark 
or into a gluon pair. The calculation of the evolution of parton densities using splitting func
tions, is in effect a resummation of the dominant terms in the perturbative expansion, which 
are the terms containing large logarithms of /J2, to infinite order in as. 

The evolution equations are used to evolve parton density functions, which have been de
termined for a certain input scale /i0, up to the factorisation scale, ßf, which is the scale that 
separates the structure of the hadron from the hard interaction, jij is usually taken equal to 
the momentum transfer in the hard interaction. 

The hard interaction itself involves a hard scale and can therefore be calculated in a fixed 
order perturbative expansion. The partons that are produced in the hard interaction will emit 
more partons. As long as the transverse momentum involved in these emissions is sufficiently 
high the parton showers are calculable, similar to the parton evolution in the initial state, 
by a resummation of dominant logarithmic terms to infinite order in as. 

Finally the partons in the final state have to form hadrons again. This process, referred 
to as the hadronisation stage, involves no hard scale and is not calculable. At present only 
phenomenological models exist to describe the hadronisation of partons into hadrons. Two of 
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these models are described in the discussion of Monte Carlo programs in section 3.3.1. 
The presence of non-perturbative processes in QCD interactions makes it impossible to 

calculate exclusive quantities. The only way to compare theory and experiment is via the 
measurement of inclusive or semi-inclusive quantities. These quantities have to be defined in 
such a way that they are affected as little as possible by the non-perturbative processes. This 
means in particular that they should not be affected by the emission of soft or collinear partons, 
i.e. by emissions that do not involve a hard scale. Quantities that satisfy this criterion are 
called inf rared safe. 

In general infrared safe quantities are those observables that exhibit a strong correspondence 
to the kinematics of the underlying hard interaction. Examples of infrared safe observables are 
global properties of the hadronic final state like the total transverse or longitudinal momentum 
or the invariant mass. One can also define more local infrared safe variables, such as the energies 
and angles of jets or in the case of lepton-hadron scattering the energy and polar angle of the 
scattered lepton. 

2.2 Hadronic physics at HERA 

There is a rich field of hadronic physics that can be studied at an ep collider like HERA. Some 
of these topics are discussed below. 

2.2.1 Deep inelastic ep scattering 

Without making any assumptions about the underlying physics, deep inelastic electron-proton 
scattering ', ep —> eX, can be schematically depicted as in figure 2.2 

X 

P(P) 

Figure 2.2: Generic diagram of deep inelastic electron-proton scattering. 

To describe the kinematics of a deep inelastic ep scattering event 3 variables are used: 

• the negative squared four-momentum transfer from the electron to the proton 

Cf = -q2 = -{k - k')\ (2.2) 

1 For the purpose of simplicity, in this section, we shall refer to electrons, when we mean electrons or positrons. 



2.2. HADRONIC PHYSICS AT HERA 11 

• the fractional energy transfer from the electron to the proton in the proton's rest frame 

and the Bjorken [8] x variable: 

» = £ ! • 

(2.4) 
2P-q 

which in the infinite momentum limit corresponds to the fraction of the four-momentum 
of the proton participating in the interaction. 

Only two of these variables are needed to describe the complete kinematics of the interaction. 
The third variable can always be expressed in the other two variables using the relation: 

x = ^-, (2.5) 
ys 

where s is the squared centre-of-mass energy of the ep system. 
The cross section for deep inelastic ep scattering can be written as: 

d2a(e±p) Ana2 

dxdQ2 xQ* 

,,2 
y*xFP + (1 - y)FP T (j, - V-)XFP (2.6) 

The structure functions, i<\, F2 and F3, can be interpreted in terms of the parton density 
functions of the proton. Although, as we discussed above, parton density functions of hadrons 
are not calculable, QCD does predict how they evolve with the scale at which the hadron is 
probed, in this case Q2. An interesting feature of the DGLAP [10] parton evolution equations 
is that they predict a violation of the scaling behaviour expected in the free parton model. This 
scaling violation is due to the radiation of gluons, which in turn fluctuate into more gluons and 
into quark anti-quark pairs. This effect depletes the quark densities at high x and increases 
them at low values of x. Scaling violations have been observed experimentally. 

The extension of the measurement of the structure functions of the proton, in particular of 
F-2, over a large kinematic range, is one of the physics goals of HERA. The confrontation of these 
measurements with parton evolution equations constitutes a thorough test of the dynamics of 
perturbative QCD. 

A related field of study at HERA is that of charged current deep inelastic scattering. In 
charged current interactions the exchanged boson is a W boson and the lepton in the final state 
is a neutrino. Charged current interactions at HERA can provide complementary information 
on the quark densities in the proton. 

2.2.2 Photoproduction 

In an ep collider like HERA the electron beam is accompanied by quasi real photons that travel 
collinear to the beam. Interactions of these photons with the protons form an additional field 
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of study at HERA. The probability that an electron radiates a photon with given virtuality Q2 

and fractional energy z is given by the Equivalent Photon Approximation (EPA) [11]: 

mz,Q2 
2TTQ2 

l + ( l - z ) 1-zQ 2 
min 

Q2 
(2.7) 

where the Qmin is the lowest virtuality that can be obtained: 

, 2 

Q 
2 
min m. 1 

(2.8) 

For photoproduction events, i.e. for photon-proton interactions where the photon is quasi-real, 
the photon spectrum can be calculated by integrating the EPA equation from the minimum to 
the maximum Q2 value attainable. This is known as the Weizsäcker Williams Approximation 
(WWA) [11]: 

W "2TT 
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In photoproduction the hard scale of the interaction is given by the transverse energy of 
the outgoing partons. In leading order perturbation theory, two processes contribute to the 
photoproduction of jets: the direct process in which the photon couples directly to a parton in 
the proton and the resolved process where the photon acts as a source of partons, one of which 
scatters off a parton in the proton. These processes are schematically depicted in figure 2.3. The 
signature of the two processes differs in the presence of a photon remnant in resolved events. 
Beyond the leading order direct and resolved processes are no longer distinctly separable. 

DIRECT RESOLVED 

Figure 2.3: Generic diagrams of direct and resolved photoproduction. 

The resolved process occurs because the photon can exhibit a hadronic structure. The cross 
section for photoproduction is thus sensitive to the hadronic structures of both the proton and 
the photon. 
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2.3 The hadronic structure of the photon 

The electromagnetic coupling of the photon to charged particles allows it to fluctuate into a 
quark anti-quark (qq) pair. In an interaction between a photon and another particle, that is 
sufficiently hard to make the interaction time comparable to, or even shorter than, the typical 
lifetime of a qq fluctuation of the photon, there is a chance that the hard interaction is not with 
the photon as a whole, but rather with a parton inside the photon. The partonic structure of 
the photon can be separated in two contributions, following from the fact that the photon can 
couple both to bound and unbound qq pairs. 

• When the photon couples to a bound qq state, this state must have the same quantum 
numbers as the photon. Such states are the light vector mesons: p, w and 0. The process 
is referred to as vector meson fluctuations of the photon. Because the mesons have low 
masses these fluctuations cannot be calculated in perturbation theory. It turns out they 
can be described rather well by the phenomenological Vector meson Dominance Model 
(VDM) [12]. 

• The coupling of the photon to an unbound gg-pair adds an extra component to the par-
tonic structure of the photon, which is called the anomalous component. This anomalous 
component is particularly interesting since it is in principle calculable in perturbative 
QCD. 

Like for hadrons. the structure of the photon can be evolved with the probing scale ß using 
parton evolution equations, in which one additional term appears that accounts for the splitting 
of the photon into a qq pair. The partonic structure of the photon gained much interest when 
in 1977 Edward Witten [13] argued that, in the framework of perturbative QCD, the deep 
inelastic structure functions of the photon behave very differently from the structure functions 
of hadrons. As stated earlier, the structure functions of hadrons cannot be known a priori, but 
have to be determined from experiment. Only the behaviour as a function of the probing scale, 
i.e the scaling violation, is calculable. The structure functions of the photon, at large enough 
scales for the VDM component to play no role, are completely determined. In particular, unlike 
hadronic parton densities, they peak at fractional momenta near 1. The scaling behaviour of 
the photon is also very different from that of hadrons. Due to the fact that the parton densities 
of the photon are fed by the 7 —> qq splitting process, the parton densities in the photon rise 
slowly as a function of the scale [14]. 

Precise knowledge of the partonic structure of the photon is of great interest. First of all as 
a test of perturbative QCD, since this knowledge imposes constraints on different QCD inspired 
approaches used to produce parametrisations for the parton density functions in the photon. 
Secondly because more precise knowledge of the partonic structure of the photon improves the 
accuracy of theoretical predictions for various processes. 

2.3.1 Photon structure at e+e~ colliders 

Currently most of our knowledge on the hadronic structure of the photon comes from e+e" 
experiments where deep inelastic cy scattering is studied. The measurement of F2

7 is a direct 
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Figure 2.4: Compilation of the available experimental data on F.] as a function of x1 for increasing Q2 values. 

Taken from [15]. 

measurement of the quark densities in the photon. In figure 2.4 a compilation of Fg measure
ments from various c+c~ experiments [16, 17, 18, 19] is shown. The data cover a range in 
Q1 from 0.24 to 390 GeV2 and in a;7 from 0.001 to 1. At x1 values above 0.5 experimental 
uncertainties are large and the structure function F2' is not strongly constrained. 

In leading order, deep inelastic ey scattering is only sensitive to the quark densities in the 
photon. The gluon density which dominates the photon structure at low x~ is not constrained 
very much by these data. 
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2.3.2 Photon structure at HERA 

Jet photoproduction measurements at HERA have the potential to provide new information on 
the photon structure in the regions that are hard to measure in e+e~ scattering experiments. 

The gluon density 

In comparison to F2
7 measurements in e+e~ experiments, jet photoproduction has a direct sen

sitivity to the gluon density in the photon, since it contributes already at leading order to the 
cross section. For protons the gluon density can be determined from the scaling violations of F2, 
in combination with the momentum sum rule. For photons, however, because of the presence 
of the direct contribution, no simple momentum sum rule applies and the determination of the 
gluon density from K? data becomes very difficult. In jet photoproduction measurements there 
is a direct sensitivity to the gluon density in the photon. This sensitivity is concentrated at 
low x1 values where the gluon content of the photon dominates the cross section. This corre
sponds to relatively low transverse energy jets at very forward angles. Due to non-perturbative 
effects this is a very difficult region to interpret measured cross sections. The measurement of 
jet photoproduction involving heavy (charm) quarks is more promising in this respect, since 
in resolved photoproduction events containing a charm quark, non-perturbative effects are ex
pected to be suppressed because the charm mass provides an extra hard scale. In addition, in 
resolved charm photoproduction the gluon content in the photon contributes strongly to the 
cross section. Photoproduction involving heavy quarks is not discussed in this thesis, but has 
been measured by both HERA experiments ZEUS [20] and HI [21]. 

The quark density at high x 7 

As stated above the currently available F~2' data have large experimental uncertainties at high 
x1 values. Because of the high cross section, jet photoproduction measurements are sensitive 
to the quark densities up to very high x1. Moreover, because of the high centre-of-mass en
ergy available, the photon can be probed at higher scales than the scales attainable at e+e~ 
experiments. 

2.3.3 Available parametrisations of the photon structure 

The available parametrisations of the hadronic structure of the photon are discussed. In this 
thesis we compare next-to-leading order (NLO) QCD calculations to data (see chapter 3). For 
theoretical consistency, a NLO parametrisation of the photon structure has to be used in these 
calculations. Not many parametrisations are available for the next-to-leading order parton 
density functions of the photon. In this thesis the available PDF's will be used to compare 
data and theory. 

Glück, R e y a & Vogt 

The GRV-HO [22. 23] next-to-leading order parametrisation of the parton densities in the 
photon is based on a DGLAP parton evolution, that starts from a valence-like VDM based 
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input distribution at a very low input scale (Q\ = 0.25 GeV2). The philosophy is that at such a 
low input scale the anomalous component of the photon structure can be generated dynamically 
by the evolution equations and the input distributions only require a VDM component. The 
VDM component is approximated by the valence quark parton density distributions of the 
pion [24]. There is only one adjustable parameter in these input distributions, K, which fixes 
the normalisation of the VDM component. This parameter is set at K = 1.6 after comparison to 
data from experiments at the e+e" colliders: PETRA [19], PEP [18] and TRISTAN [17], The 
GRV parametrisation of the photon structure is given in the DIS7 factorisation scheme [22]. 

Gordon & Storrow 

The GS96-HO [25] next-to-leading order parametrisation of the partonic structure of the photon 
is evolved from input, distributions that contain both a VDM and an anomalous component. 
The input scale is taken as Ql = 3 GeV2. The input distributions contain a number of 
adjustable parameters, that are fixed in a fit to F2

7 data from PETRA, PEP, TRISTAN and 
LEP1 experiments and to e+e~ jet data from TRISTAN experiments [26]. In the fit only data 
with Q2 > Ql is used. The GS96 parametrisation of the photon structure is given in the MS 
factorisation scheme [27]. 

Aurenche, Fontannaz & Guillet 

The AFG-HO [28] next-to-leading order parametrisation of the photon structure is similar to 
the one from Glück, Reya and Vogt. The anomalous component is assumed to vanish at the 
input scale, which is chosen to be Ql = 0.5 GeV2. The VDM input distributions for the valence 
quarks, the sea quarks and the gluon are taken from the pion [29]. The normalisation is fixed 
from the comparison of the total photon-proton and proton-proton cross sections. The AFG 
parametrisation of the photon structure is given in the MS scheme. 

Comparison of the parametrisations 

In figure 2.5 the next-to-leading order gluon and quark densities in the photon, as given by 
the GRV-HO, GS96-HO and AFG-HO parametrisations of the photon structure, are shown as 
a function of x1 at the scale fi2 = 225 GeV2, which corresponds roughly to the scale in the 
processes measured in this thesis. The quark and gluon densities are multiplied by a factor 
î r / a e m . Below x1 = 0.5, where they are most strongly constrained by experiment, the quark 
densities of the different parametrisations are very similar. For the quark densities at x1 > 
0.5 and for the gluon densities there are significant differences between the parametrisations, 
reflecting the lack of experimental constraints in these areas. 
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Figure 2.5: Quark and gluon density distributions in the photon at a factorisation scale /x2 = 225 GeV2, as 

given by different parametrisations of the next-to-leading order hadronic structure of the photon. All parton 

densities are given in the MS factorisation scheme. 
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