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"I ca'n't believe that}" said Alice.
"Ca'n't you?" the Queen said in a pitying tone.

"Try again: draw a long breath, and shut your eyes."
Alice laughed. "There is no use trying," she said, "one ca'n't

believe impossible things."
"I daresay you haven't had much practice," said the Queen.

Why, sometimes I've believed as many as six impossible things
before breakfast."

Lewis Carroll

1 Introduction

The first experimental evidence that the proton has an internal structure was obtained in
1969 at Stanford Linear Accelerator Center (SLAC) [1]. Since then many high energy physics
experiments have been performed and shown that the proton is a bound state of quarks.
The valence quarks (two up and one down quark) give the proton its characteristic quantum
numbers. A new theory of strong interactions, Quantum ChromoDynamics (QCD), has been
developed, where the interaction between quarks is mediated by the field quanta called gluons.
The proton, once thought to be a simple pointlike particle is found to have a complex internal
structure.

As a quantum mechanical particle, the proton may fluctuate in any way as long as its
quantum numbers are conserved. Described in a hadron basis the proton may fluctuate into a
baryon (a three quark bound state) and a meson (a bound state of a quark and an anti-quark),
in parton basis additional quark anti-quark pairs are considered. The life-time of a fluctuation
is given by the Heisenberg uncertainty relation, At ~ -^. Thus, the smaller the mass of the
fluctuation, the longer the life-time and thereby the larger the probability of having such a
fluctuation. In general these probability amplitudes are unknown. Naturally the fluctuations
into light particles should be dominant due to the low mass, but in principle there may also
exist fluctuations into heavy particles, even including charm. The problem is rather how to
describe these fluctuations.

All these fluctuations are part of the total proton wave function. Unfortunately this
wave function is largely unknown. It cannot be derived from first principles because of the
complex non-perturbative internal dynamics of the proton. Experiments give merely limited
information because only one parton is probed at a time. In this way the wave function can
be partially represented by momentum distributions of partons, i.e. quarks and gluons in the
proton. These distributions provide the probabilities of scattering on a certain quark or gluon.
They are conventionally obtained by fitting parametrisations to experimental data.

A model to derive these distributions from non-perturbative dynamics was presented by



Edin and Ingelman [3]. The El-model is based on quantum mechanical fluctuations. The
valence parton distributions were derived from partonic fluctuations in the proton while the
additional partons were assumed to originate from hadronic fluctuations of the proton.

For a long time it was a common belief that only the massless or approximately massless
partons (gluons, up and down quarks) may be part of the proton wave function. Heavy
quarks were treated as "extrinsic", i.e. generated by large-momentum processes described by
perturbative QCD. The conventional mechanism for charm production is the photon-gluon-
fusion (PGF) process photon + gluon -> charm + anticharm.

However there are experimental data which are in conflict with the predictions of the PGF
model. Contrary to expectations, charm quarks have been found to also carry larger fractions
of the proton's momentum [10], and charmed particles have been observed closer to the proton
beam direction [11]. These data indicate an additional source of charm production. This has
led to a model with "intrinsic" heavy quarks in the proton [9]. The model has been studied
for over 15 years, but has still not been neither confirmed nor ruled out.

As a further investigation of this problem, this thesis develops the El-model to be applicable
also for heavy quark fluctuations in the proton. This includes a careful analysis of suitable
quantum mechanical bases and treatment of energy fluctuations.

The report is organised as follows. In Section 2 background material in terms of the
Standard Model and the strong interaction are reviewed based on books such as those in [2].
The natural units are used throughout this thesis, i.e. c = h = I. The internal structure of the
proton is best studied in deep inelastic electron-proton scattering experiments, as discussed
in Section 3, and with theoretical aspects treated in Section 4. The El-model is described in
Section 5. In Section 6 alternative descriptions of charm and strange quarks in the proton
are discussed. The new approaches derived from the El-model are described and applied to
charmed fluctuations in Sections 7 to 10 and to strange fluctuations in Section 15. A detailed
treatment of the momentum fraction x is given in Section 11. The methods are summarised
and compared in block diagrams in Section 12. The resulting charm momentum distributions
are presented in Section 13, followed by a critical discussion of methods and results in Section
14. Similarly, the case of strangeness is discussed in 16. Finally, Section 17 gives a concluding
discussion.



2 Standard Model

The Standard Model (SM) is the theoretical framework which describes the elementary parti-
cles and their interactions as known today. The theory is mathematically self-consistent but
has 19 parameters that must be determined from data. Yet, no experimental result in conflict
with the model has been found.

In SM the fundamental particles are the leptons and the quarks. Up to the present limits
of resolution, ~ 10~18m, they are known to be structureless. They can be arranged into three
generations of increasing mass, as shown in Table 1.

Flavour

u
d
e

Mass
GeV

~ 0.005
~0.01

0.000511
< 7 x 10~9

Electric
charge

2/3
-1/3
- 1
0

Flavour

c
s

Mass
GeV
~ 1.4
~0.2
0.106

< 0.0003

Electric
charge

2/3
-1/3
- 1
0

Flavour

t
b
T

Vr

Mass
GeV

~170
~4.7
1.7771
<0.03

Electric
charge

2/3
-1/3
- 1
0

Table 1: The elementary particles in Standard Model

The six types of quarks, the flavours, are called up, down, charm, strange, top and
bottom. In addition to the electric charge they also carry colour, which is the charge of the
strong interaction. There are three different colour charges, conventionally labelled as red,
green and blue. Each charged lepton, i.e. electron, muon and taon, has a neutrino associated
with it. For each of these particles there exists a corresponding anti-particle with opposite
sign of many quantum numbers.

The fundamental interactions in the SM are shortly summarised in Table 2.

Interaction

Electromagnetic (EM)

Weak

Strong

Field
quanta

photon 7

Z°,W±

gluons g

Basic coupling
Quarks Leptons

2^y Y ^

A A

/d /e

Couplings
atQ2

0

a « 10~2

oew ~ ID

a « 1

Range

oo

10-18m

10-15m

Table 2: The fundamental interactions and some of their properties.

The fourth fundamental interaction, the gravity, is not included in the SM.
A rough classification of particles is shown in Figure 1. This is a classification based on

experience which has shown to be effective.



Fermions
(half integer spin)

Bosons
(integer spin)

Leptons
weak and EM

Baryons Mesons

Hadrons
EM, weak, strong

EM
weak

Figure 1: Classification of sub-nuclear particles and the types of interaction in which they
participate.

2.1 Introductory QCD

The fundamental particles and their interactions are described by quantum field theories based
on a relativistic quantum mechanical formulation of fields. Furthermore, the theories are based
on a gauge principle. The quantum gauge theory which describes the strong interaction of
quarks and gluons is Quantum ChromoDynamics (QCD).

The strength of the interaction between quarks and gluons is characterised by the strong
coupling as. Figure 2 shows a basic quark -quark interaction and the colour flow between the
quarks. Since the colour quantum number must be conserved at each vertex in the strong
interaction diagrams, the gluons must have colour-anticolour.

B

Figure 2: Colour flow in a quark-quark interaction.

The coloured quarks and gluons are not free particles, they are confined inside the hadrons,
which are colour neutral or colour singlets. The colour singlets can be constructed from equal
mixtures of colour, RGB (baryons) or equal mixtures of anti-colour, RGB (anti-baryons), or
equal mixtures of colour and anti-colour, RR-j-GG+BB (mesons). The quarks that give the
characteristic quantum numbers of the hadrons are called valence quarks. For the proton, for
example, they are two up and one down quark.

The colour field inside the hadrons is self-interacting, resulting in the complex dynamics
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of gluon-gluon interactions. In addition the valence quarks and gluons may fluctuate in any
possible way, e.g. a quark may radiate a gluon, who in turn may split into a quark-antiquark
pair, or just be absorbed by the quark. These fluctuations give rise to the "sea" partons.

According to the first postulate of quantum mechanics for every dynamical system there
exists a wave function from which all possible predictions of the physical properties of the
system can be obtained. Thus, the hadron total wave function contains in addition to the
valence quark and gluon component, all the possible quark-antiquark pairs and all the possible
quantum fluctuations of the previous components as long as the whole system is a colour singlet
and the hadron quantum numbers are conserved.

These fluctuations take place inside the hadron, but they may be realised in interactions
with an external probe. The short-lived fluctuations can be resolved by a probe with large
momentum transfer Q2, defined as the negative four momentum squared of the probing par-
ticle. These fluctuations carry typically small momentum fractions x and they are referred to
as the "extrinsic sea" of the hadron.

The running coupling as, also denoted as as(Q
2), depends on the squared momentum

transfer Q2. When the momentum transfer is large, as{Q2) becomes small, as(Q
2) <C 1, and

the quarks and gluons can be treated as if they were free. Such large momentum transfer
processes are called hard processes and can be calculated perturbatively, i.e. as an expansion
in powers of as. Consequently the extrinsic sea is perturbative as well.

The other components of the hadron total wave function are long-lived, which means
that they can be resolved in small momentum transfer processes. In these processes as(Q

2)
becomes large and perturbation theory is not applicable.

These nonperturbative processes are called soft processes and they can only be explained
by phenomenological models, since QCD has only been solved properly in perturbation theory.
The soft processes are believed to be responsible to the confinement of quarks and gluons into
hadrons.

As a result the hadron total wave function is redefined. Prom now on the wave function
includes only the nonperturbative, intrinsic components. The extrinsic sea will be referred to
as perturbative QCD corrections. The distinction is conventionally made at QQ ~ lGeV.

2.2 Light-cone variables

There are several possible ways of parametrising the space-time, [5]. It has been shown that
only three of them are basically different, i.e. they cannot be projected into each other by a
Lorentz transformation. Physics do not depend on how one chooses to parametrise the space
and the time, but to simplify the practical work one may adjust parametrisation to the nature
of the physical problem.

The most familiar is the instant form parametrisation. A vector V^ is defined by the usual
variables {Vt,Vx,Vy,Vz) or (Vb,Vi,V2,V3), as shown on the left in Figure 3.



In high energy physics the front form space-time parametrisation is preferred, e.g. [4]. The
usual variables are replaced by the light cone variables, (V+,V-,Vj_) denned as

Vz
V2

V- =
V2 '

= (V1,V2).

(1)

(2)

(3)

The factor -4= in equations (1) and (2) is sometimes left out. The scalar products are Lorentz
invariant and have the form

V-W = V+W- + V-W+ - VXW±, (4)

(5)

These coordinates depend on a particular choice of z-axis. In high energy scattering this
corresponds naturally to the collision axis.

The coordinates transform very easily under boosts along z-axis, which is again beneficial
for high energy physics where one needs to transform between the different frames related to
the boosts along the z-axis. Furthermore, when a four momentum vector is highly boosted
along the z-axis, light-cone coordinates show very clearly what are the large and small com-
ponents of momentum.

The instant form The front form

Figure 3: The conventional instant form quantisation and the front form or light-cone quan-
tisation.

The light-cone quantisation is Lorentz covariant and frame independent, although it origi-
nally emerged from the infinite momentum frame, i.e. the reference frame moving with almost
the speed of light.



3 Experiments

In particle physics experiments particles are collided at high energies and the outcome of the
collision is studied. When two particles collide, the interaction between them can be described
as an exchange of a particle. Prom the de Broglie relation A — —7=, where A and q are the
wave length and the four momentum of the probing beam particles respectively, one can see
that with increasing momentum q the wavelength A decreases, thus a higher resolution will
be obtained. The maximum possible q2 of the probing particle is directly proportional to the
centre of mass energy in the collision, so that higher energies give better resolution.

There are two basic types of experiments: fixed target experiments, i.e. one of the
colliding particles is at rest in a fixed target, and colliding beam experiments, i.e. oppositely
moving particles are collided. The available centre of mass energy per collision is larger in the
latter case.

The main processes which are studied in these experiments are electron-positron collisions,
electron-proton collisions and proton-antiproton collisions.

The highest available centre of mass energies are in proton-antiproton collisions offering
the highest possible resolution. Yet, when studying the structure of the proton, the collision
between two composite particles makes the analysis more complicated. For that purpose
protons are collided with electrons, or positrons, instead. In this process the centre of mass
energy is lower than in proton-antiproton collisions but still much higher than in fixed target
experiments. Furthermore, since only one of the particles in the collision has a structure, the
analysis is simplified.

3.1 The HERA machine

HERA at DESY (Deutsches Elektronen Synchrotron, Hamburg, Germany) is the first and so
far the only electron-proton collider. It was built mainly to study the internal structure of the
proton. It contains two independent rings for accelerating and storing electrons and protons
in a 6.3 km long circular tunnel.

The basic idea is that one uses a known pointlike particle, like the electron, as projectile,
and if a structure is observed, it must belong to the target.

The colliding particles have beam energies Ee = 26.7GeV for the electrons (or positrons)
and Ep = 820GeV for the protons, giving a centre of mass energy - /̂i ~ 300C?eV, approxi-
mately ten times larger than any fixed target experiment. Large \fs gives expanded kinematic
range and better spacial resolution, since dm{n ~ 4=. At HERA structures down to 10~18m
have been resolved, giving the upper limit in size of the constituents of the target, [6].

The particles are brought to head-on collision and a detector, e.g. HI, measures the
resulting events. In a general electron-proton collision the observable process is: e+p -* l + H,
where e denotes the incoming electron, p the incoming proton, / the scattered lepton and H the



final state hadronic system. The electron is viewed as scattering from the proton by exchange
of either a W^ (charged current) or 7/Z0 (neutral current) gauge boson. In this thesis only
the neutral current case is discussed, which means that the exchanged gauge boson is a virtual
photon denoted by 7*. The effect of Z° exchange and of Z0/^ interference is negligible in
the kinematic range of interest here, i.e. not very large Q2. An example of an event with the
electron (coming from the left) scattered off the proton (coming from the right) is shown in
Figure 4.

J-1-.-t-:-

Figure 4: Cut along the beam axis of the HI detector. The electron is scattered upwards, in
opposite direction a jet of hadrons from the scattered quark in the proton, and more forward
particles from the proton remnant.

3.2 Deep Inelastic Scattering

The experimental results can be interpreted in terms of deep inelastic scattering (DIS), that
is scattering an electron from a proton or from some other hadron with large energy and
momentum transfers, schematically shown in Figure 5.

The incoming electron has four momentum I = (Ee,pe), where Ee is the energy of the
incoming electron and pe denotes the electron's three-momentum. The scattered electron has
four momentum I' — (E'e,p'e) and polar angle 0 with respect to the incoming proton direction.
P = (Ep,pp) is the incoming proton's four momentum and H denotes the four momentum of
the hadronic final state. The exchanged gauge boson, a virtual photon, has four momentum
q = (I — I'); q is spacelike, i.e. q2 < 0.

The total invariant mass y/s is given by

s - (I + P)2 ~ AEeEp. (6)

The sign "~" means that the masses of the electron and proton are neglected, which is a



Figure 5: Basic diagram for deep inelastic scattering

good approximation since the proton has a very large momentum along the z axis, i.e. the

collision axis. The proton is said to be in infinite momentum frame.

Since different experiments use different energies, describing the results as a function of

energy and scattering angle makes the comparison between experiments difficult. It is more

appropriate to use the Lorentz invariant variables Q2, x, y, W2, and v. The kinematics of a

DIS event at a fixed centre of mass energy are completely described by two of these invariants,

most frequently used are (Q2,x) or (x,y).

• Q2 is the negative square of the four momentum transferred from the electron to the

proton

Q2 = -g2 = -(l-l')2c4EeE'eSm
2~. (7)

Q2 is thus the absolute value of the mass squared of the exchanged particle, here a

virtual photon. The variable Q2 can be interpreted as the scale of the interaction. The

wave length of the virtual photon is inversely proportional to the value of Q, hence with

increasing Q2 the photon resolves smaller structures in the proton.

• x is a scaling variable
Q2 . , EeE'esin2i

X W

and can be interpreted as the fraction of the proton's momentum carried by the struck

quark.

y is defined by

g - F _ y ^ e - E > s 2 f
y~l-P~Ee~ Ee ' W

and is known as the fractional energy transfer. In the proton rest frarne_ it corresponds

to the fraction of the incoming electron's energy carried by the exchanged photon. The



variable is also called the inelasticity of the event, x and y are the two dimensionless
Bjorken scaling variables and their values are limited to the interval 0 < (x,y) < 1.
Combining the equations above one obtains

Q2 ~ xys. (10)

Thus, the resolving power Q2 is directly proportional to s, the centre of mass energy
squared. Together with the limits of x and y, the upper limit of the virtuality of the
exchange boson is given by the value of s.

• The invariant mass squared of the final hadronic system is

W2 = (p + q)2- (11)

Typically W2 is very large and is related to Q2 and to x by

W2 = Q2{\-l)+m2
p. (12)

X

• v is defined by

and it corresponds to the energy transferred by the exchanged boson in the proton rest
frame.

There are essentially two kinematic regions: one region where Q2 is sufficiently large, that
is the hard scale (alternative terms such as large scale or short distance interaction scale are
used in the literature), which can be handled using perturbative QCD (pQCD), and a region
at lower values of Q2 extended down to Q2 « 0, the soft scale (also called small scale or long
distance interaction scale), which cannot be calculated in pQCD. The border between these
areas is not fixed, although there is a cut off scale defined QQ — 0.5 — 2GeV2 above which the
perturbative theory can be used.

In DIS the scattering energy and momentum transfer are sufficiently high, i.e. high Q2,
and the interactions are considered to be hard. High Q2 can be achieved by colliding particles
with large centre of mass energy i/s. Because of high Q2 there will be enough power to resolve
a parton in the proton. Only one parton in the hadron is probed. The parton is considered
to be free during the scattering in the sense that the soft processes between the struck quark
and the proton remnant can be neglected. Due to confinement, neither the struck quark nor
the remnant can escape free but will be involved in a hadronisation process resulting in a final
state of observable hadrons. If W, the total invariant mass of the final system, is large enough,
W 3> mp, the hadronisation probability is unity such that the hadronisation process does not
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affect the cross sections determined in DIS. The number of produced hadrons is large. There

are several phenomenological hadronisation models, e.g. Lund string model [8].

The DIS results are most commonly presented in terms of a cross section as a function of

x and Q2. In the DIS kinematics there are two independent variables, thus by measuring for

example E'e and 0, the rest of the variables can be calculated.

In practice, the beam energies Ee and Ep, are known. The HI detector measures the

energy and the angle of both the scattered electron and of the hadronic final state. Thus

there are four measured quantities and since only two variables are needed for describing the

scattering process, the kinematics is overdetermined. That is used for estimating systematic

errors.

4 Theory

The interpretation of experimental data in terms of DIS as described in the previous section

is based on the following theory and theoretical models.

4.1 The Parton model

The Quark-Parton Model (QPM) is a phenomenological model introduced by Feynman et al.,

at the end of the 1960's in order to give a theoretical explanation of the experimental results.

The basic assumptions are:

• In an infinite momentum frame the hadron appears as a collection of free pointlike

quarks and gluons, called partons, which are all travelling mainly in the same direction

as the parent hadron. The momentum of the hadron is divided between the partons, see

Figure 6. For each type of parton there is a probability density fi(x) which gives the

probability to find a parton of type i carrying momentum fraction x of the hadron. The

total momentum carried by the partons must add up to the hadron momentum, i.e.

xfi(x)dx = l, (14)

where the sum extends over all partons.

Qp »• ( I x3p

Figure 6: Each parton carries a fraction x of the hadron's total momentum p, pi =

11



• The partons appear to be incoherent when interacting with external probes. In case

of hard reactions the total crosssection qfor a process with a hadron can thus be

determined by calculating the cross sections for the basic processes with free partons,

<7j, and then summing incoherently over the contribution of all partons in the hadron

a =

The parton model is valid for all hadrons. The parton distributions fi(x) are different for

different hadrons, but they are universal to all hadrons of the same type and in all interactions.

Sometimes momentum weighted parton distributions xf (x) are used.

4.2 The structure functions

The cross section for electron-proton deep inelastic scattering can be written as the product

of a leptonic and a hadronic tensor

da oc WW^. (16)

The leptonic tensor Lfiv is given by the electroweak theory and describes the coupling of

the lepton to the gauge boson. L^v is well known since it only depends on the leptons four

momenta I and V and the electroweak theory. The hadronic tensor W^ describes the coupling

of the gauge boson to the target hadron. Since it depends on the hadron structure, which is

unknown, the hadronic tensor is unknown as well. There are, however, some restrictions on

its general form: W^ must be Lorentz covariant, the electromagnetic current to which the

virtual photon couples must be conserved and, if the Z° exchange is neglected, parity must

be conserved. These conditions together allow only two possible tensor structures for W^

WV = h(q)Fi(x,Q2) + f2(p,q)F2(x,Q2), (17)

where fi(q) and f2{p,q) are known functions of the four momenta p and q, Fi(x,Q2) and

F2(x,Q2) are the structure functions, which are scalar functions that depend on the hadron

structure.

The differential cross section for deep inelastic electron-proton scattering with 7*-exchange

can now be written down. In lowest order

^ ( ' . « J > ) H i -

The structure functions Fi and F^ can be determined by measuring how the cross section

depends on x and Q2.

In the parton model the structure functions can be given in terms of the parton density

12



functions, fi(x). For spin ^ partons
2xFl = F2, (19)

The sum is over all quark and anti-quark flavours, e; denotes the charge of parton i.

4.3 Perturbative QCD corrections

The QCD Lagrangian describes interacting coloured quarks and vector gluon fields. The QCD
group of transformations on the colour charges is 517(3)0. The generators of SU(3)C are the
eight Gell-Mann (3 x 3) A matrices. Since the SU(3)C symmetry group is not Abelian, the
generators of SU(3)C do not commute, which leads to self interactions between the gluons.
Thus, the QCD Lagrangian describes in addition to the free propagation terms for quarks and
gluons, quark-gluon and gluon-gluon interactions, as shown in Figure 7. The interactions have
a characteristic coupling strength as. In QCD as is a running coupling, that varies with the
scale HR of the interaction. With increasing JJ,R, as decreases, fiR —> oo as —> 0, which leads
to the property of asymptotic freedom. This means that at large energies, where as <C 1,
perturbation theory is applicable. In the opposite limit, at low energies, as is large and an
expansion in as does not converge.

9 9

9 9

Figure 7: The possible quark and gluon vertices: quark-gluon, triple gluon and quadruple
gluon.

The QPM picture needs to be corrected by including QCD effects, meaning that the quarks
may radiate gluons which carry smaller fraction of the proton's momentum. The gluons may
in turn split into quark-antiquark pairs or just be absorbed by the parton. The results in deep
inelastic scattering should instead be described in terms of these constituent fluctuations,
since the probe may couple to a parton originating from such a quantum fluctuation. The
larger value of Q2 the shorter wavelength of the probing virtual photon, the more soft partons,
i.e. partons with small momentum fraction x, and less hard partons, partons carrying large
x, will be visible. Thus, as Q2 increases the structure functions should decrease at large x
and increase at small x. This effect is known as scaling violation and has been observed
experimentally. The scales of the interactions of these fluctuating constituents are generally
extended from the very small parton mass m up to Q. Once again, soft scale interactions
cannot be treated by using pQCD, while pQCD is applicable in hard scale interactions.

13



In order to solve this problem another cut off scale is introduced, the factorisation scale
Up. Physics below the scale \xp is not calculable in pQCD, and is included in the parton
density functions. Physics above this scale \ip is calculable using pQCD.

4.4 The DGLAP equations

The equations, known as the Dokshitzer-Gribov-Lipatov-AItarelli-Parisi (DGLAP) equations
[7], describe the way that parton density functions change with the scale of the probe Q2

Si T

_
(22)

The functions P,j are called the splitting functions and are derived from the Feynman dia-
grams. They give the probability of finding a parton of type i with momentum fraction x
radiated from a parton of type j with momentum fraction z [z > x) when probed at scale Q2.
The functions can be calculated order by order in as using pQCD.

Figure 8: The DGLAP ladder diagram, Q2 > Q2 » Q§.

Free particles must be real, "on-shell", i.e. they have their physical mass. Interacting
particles can be either real or virtual, i.e. "off-shell". Virtuality can be either timelike, i.e.
the four momentum squared is larger than zero, P2 > 0, or spacelike, i.e. P 2 < 0. In the
parton model partons are treated as free particles, the parton involved in hard interaction
can be considered to be real or virtual as well. The QCD corrections which are calculated
in the evolution equations can be illustrated as a ladder diagram, shown in Figure 8. The
parton initiating the evolution chain is described by the largest momentum fraction XQ and has

14



virtuality Q\, which is the factorisation scale, HF = Qo- Processes below Qo can not be treated
perturbatively and are instead summarised in the parton distributions. By radiating a parton,
the parton described by (XQ, Q%) becomes more virtual and obtains smaller momentum fraction
x\. The radiated parton is real or has timelike virtuality. In the latter case it will radiate
partons until it is on mass shell. This radiation chain continues until it reaches the parton
involved in the hard scattering, described by the maximum virtuality Q2 and the smallest
momentum fraction x. This chain from QQ to Q2 can be seen as a quantum fluctuation,
where the parton radiate real or timelike partons obtaining smaller and smaller momentum
fraction x and becoming more and more virtual. The fluctuation can be made real in a
hard scattering, where the probe couples to the parton with maximum virtuality. If the hard
scattering process is not involved, the fluctuation will collapse. The same process may also be
understood starting from above with the parton described by (x,Q2). Then the chain from
Q2 to Q\ can be seen as a resolving chain, where a parton with (xi, Q2) resolves a parton with
{xi-\,Q2_iJ where Q2 > Q2_v The highest value of Q2 is limited by the technical capacity
of the experiments, while the lowest value of Q2 is from the factorisation scale.

The factorisation into a soft part, described by the parton distributions and a hard part,
described by perturbative QCD makes it possible to calculate cross sections perturbatively in
QCD: once the parton densities fi(x,Q2) for all z > x at some starting scale \ip — Qo are
known, the DGLAP equations give the parton densities fi(x, Q2) at any higher scale [IF = Q
and corresponding cross sections are calculable for processes of interest. The initial input
parton distributions fi(x, QQ) must be constructed by fitting parametrisations to experimental
data, since they have not been successfully derived from first principles yet.

5 The Edin-Ingelman Model

A simple theoretical model to derive the parton distributions from the non-perturbative dy-
namics has been presented by Edin and Ingelman [3]. The model is based on the following
assumptions:

• Parton distributions fi(x, QQ) are defined in the hadron rest frame where the parton
momentum vector is distributed with spherical symmetry.

• The shape of the distribution is a Gaussian of width a. The Heisenberg uncertainty
relation applied to the hadron size, gives a typical momentum for a parton inside a
hadron. It is reasonable to adopt this value as the width of the Gaussian distribution

aq ~ — ~ 200MeV.9 rh

• valence partons originate from the "bare" hadron while sea partons are taken from
hadronic fluctuations.
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The model provides the four momentum k of the parton which is probed. Prom knowing k,

the fraction x and thus the parton distribution functions can be calculated.

Figure 9: The probe q resolves a parton k resulting in a scattered parton j and a remnant r.

The scattering process is shown in Figure 9. The coordinate system is chosen so that the
probe is coming in along the negative z direction. Only one parton is probed. The components
of the probed parton's four momentum A; are chosen from a Gaussian distribution. All other
partons are treated collectively as a remnant with four momentum r, which includes the rest
of the information about the hadron total wave function which is unknown. The hadron is
at rest with four momentum p = (mp,0), mp denotes the rest mass. The probe q, either
a photon or a parton initiating a DGLAP evolution chain, is given by its virtuality QQ and
g_ = qo — qz- The starting scale Qo = 0.85GeF is obtained from fitting the experimental
data by varying the model parameters at KQCD = 0.23GeV and g_ is chosen large in order to
ensure that W2 is above the resonance region. Then the hadronisation probability is unity and
the internal dynamics of the remnant can be neglected. The scattered parton four momentum
j and the four momentum of the remnant r are calculated from four momentum conservation,
j = (k + q) and r = (p — k) respectively. The fraction x is defined as the positive light
cone fraction, x+ = )c_i_~z\parton = -^ which is invariant under boosts along the z-axis. For
approximately massless partons the light cone fraction x+ is equal to the Bjorken scaling
variable x.

In addition, the kinematical constraints on the produced final state are taken into account,
i.e. the scattered parton must have mass squared 0 < j2 < W2, and the remnant should have
sufficient mass r2 > 2jm?> where the sum extends over all partons in the remnant.

The probed parton four vector k is simulated from the Gaussian distributions for its
components using a simple Monte Carlo procedure. If the kinematic constraints are fulfilled,
the light cone fraction x of the parton is added to a histogram. By repeating this procedure
the parton density distributions fi(x) at QQ a r e obtained.

The distributions fi(x) are normalized so that the hadron obtains the correct quantum
numbers. Hence for the proton f^ uv(x) = 2 and Jo dv(x) = 1. In addition there must be a
gluon distribution g(x) and the normalization of the gluon density is given by the momentum
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sum rule

I xg(x)]dx = (23)

The model can be applied to all hadrons. Figure 10 shows the valence quark and gluon
distributions derived from the model applied to the proton and to the pion.
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Figure 10: The valence parton distributions for (a) a proton and (b) a pion, TT+. From [3].

Sea parton distributions are derived from quantum fluctuations. All possible fluctuations
which conserve the quantum numbers are part of the wave function of a quantum mechanical
particle. The wave function of a hadron can be expanded in different quantum mechanical
bases. The most common alternatives are partonic basis or hadronic basis. Here, a hadronic
basis is preferred and hadronic fluctuations are considered.

In general a proton wave function can be expanded in the hadronic Fock states

(24)

where M denotes a meson and B a baryon, Cj are the normalisation coefficients giving the
probability amplitude of a certain fluctuation. The probability decreases as the masses of the
mesons and baryons increase. In the proton, fluctuations with pions are dominant because of
the small pion mass, i.e.

\p) = cob) + ci \nn+) + c3 |A7r) (25)

The scattering on partons in such a pion will then generate sea parton distributions in the
proton.

The parton distributions of the pion are derived from the model described above. The
momentum distribution of the pion fluctuations in the proton is derived using the same ar-
guments as for the partons, i.e. the momentum distribution for each component of the four
vector is a spherically symmetric Gaussian in the proton rest frame. From fitting the data the
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width ov and how much of the proton momentum was carried by the sea partons Nsea was
obtained: ov = 52MeV and iVseo = 7.7%. The value of ov corresponds to the expectations
since the typical momenta of pions in nuclei are of order tens of MeV.

The width a is inversely proportional to the lifetime of the fluctuation, whereas the resolu-
tion is given by J-. Thus in order to resolve a parton with QQ in a fluctuation with a certain
width, it is important to ensure that the hadronic fluctuation exists for a long enough time
and that the probe interacts in short enough time, that is the relation, -̂ - 3> -f- >̂ —}== must

be fulfilled. The parameters obtained from the model satisfy this condition, see Table 3.
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Figure 11: The DIS structure function F2 versus Q2 in bins of x. Fixed target NMC data
compared to the model with only valence partons contributing (dashed lines) and a sea parton
component included (full lines). From [3].

The parton distributions of the proton, including the sea from pion fluctuations, at the
starting scale Q<$ was then evolved to higher Q2 by using the DGLAP equations in next-to-
leading order (NLO). From the evolved distributions xfi(x,Q2) the structure function F2 was
calculated and compared with experimental data as shown in Figure 11. The model provides
quite good agreement with experimental data. It is also shown that there is need of a quark-
antiquark sea already at starting scale QQ, especially in the region 0.008 < x < 0.1. In [3] it
is also shown that the parton distributions derived from the model can describe HERA data
as well, i.e. small x at high Q2. In that case the data are essentially explained by the valence
distributions alone together with QCD evolution. This shows that for small x at high Q2
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the contributions from the QCD evolution is dominant. However, the inclusion of sea parton
distributions improved the fit. Table 3 shows the parameters used in the model. The number
of parameters is small and they have physical interpretations. The parameter values obtained
agree with expectations.

Qo
850MeF

ou

imMeV 150MeF
a9

\3hMeV 52MeV
Nsea
7.7%

Table 3: The parameters in the model and their values obtained from the fit at AQCD =

6 Heavy Quarks in the Proton Wave Function

6.1 Extrinsic charm

The conventional source of charm quarks in DIS is the photon-gluon fusion (PGF) mechanism
7<7 ->• cc, also referred to as extrinsic charm (EC). The charm quark distributions can be
derived from pQCD correction processes and standard QCD evolution. A gluon may fluctuate
into a charm-anticharm quark pair and the fluctuation can be realised when the probe couples
to one of the charm quarks, as shown in Figure 12.

Figure 12: Extrinsic charm from photon-gluon fusion mechanism. The heavy flavour, i.e.
cc-pair, is created by the interaction with a light constituent of the proton, i.e. gluon.

The charmed quark contribution to the DIS structure function F2 is mostly explained by
this mechanism. The predictions of the extrinsic charm model explain the experimental data
well in the region of low XB [10], [12]. The disagreement appears at large XB-

Yet, it was data from hadron-hadron collisions which eventually gave the idea that there
might be another source of charm production, see Ref [9], [13] and references therein.
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Figure 13: In hadron-hadron collisions the conventional mechanisms for charm quark produc-
tion are the fusion processes, gg —> cc and qq —> cc, solid line. In n~(— ud) interactions
with hadrons, the produced charmed mesons D~ = cd and D° = cu, are referred to as
leading, and D+ = cd and D = cu are nonleading. The observed asymmetry, defined as
A = ^ ! e a £ g U & n l e a S j ' s h o w s t h a t l e a d i nS charmed mesons have consistently harder x

l d i Thi b l i d b h f i d l Fdistribution than the non-leading ones. This can not be explained by the fusion model. From
[13].

6.2 Intrinsic charm

Because of the disagreement with data at large x another model, known as intrinsic charm
(IC), was introduced by S. Brodsky et al. [9]. The proton wave function is represented as a
superposition of quark and gluon Fock states

\p) = Co \uud) + ci |wu<î ) + y. Ci \uudqiqj) ,
i

(26)

where the sum goes over all quark flavours. The intrinsic charm Fock component in the proton
wave function, \uudcc), is produced by interactions with gluons, where the gluons are coupled
to two or more valence quarks £)?" g% —>• cc, schematically shown in Figure 14.

Figure 14: Intrinsic charm in the proton. The heavy quarks are assumed to be constituents
of the proton.

The momentum distributions are derived using old-fashioned perturbation theory. The
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transition probabilities are then given by

(Bi\M\A) 2

P{A -> Bi) = (27)

where i — 1,2, ...n.

The proton four momentum is expressed in light-cone variables, p = (p+,p-,pj_). In

infinite momentum frame, i.e. ps —> —oo and pj_ = 0, the negative light-cone momentum

p_ = (po — P3) 3> p+ represents the energy of the incoming proton. Prom

p2=p+p--pl, (28)

the resulting expression for the energy is

= l±A = £ (29)
P+ P+

Similarly, the energy associated with the quark qi is

-M I - IO o

ki± = ml + ki±

The three-momentum carried by a quark q± is defined as

ki+=Xip+, (31)

where X{ is the fraction of the proton's momentum carried by the quark and

= 1. (32)

The numerator in equation (30) is the transverse mass, denoted by m;j_, of the quark <&. The

proton is considered as a statistical system of 3 valence quark, uud, and two charmed quarks,

a cc-pair. The corresponding Fock state is \uudcc), i.e. i = 1,...5. By replacing E& with the

expression forp_ given in equation (29), and EB{ with Arj_ given by (30), the denominator in

the equation (27) can be expressed in terms of the masses and momentum fractions Xi of the

S(l- £?_ Xi)
P{p -> uudcc) = N—i %~X

ml> , (33)

L p 2-/i=i Xi J

where the unknown matrix element {B{\ M\A) is included in the constant N.

• The charm quark transverse mass is much larger than the mass of the proton and the

transverse mass of the light quarks, i.e. m 2 ^ S> m^mj^ (i = 1,2,3). Hence in the
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limit of heavy quarks equation (33) becomes

^.2^.2

P(xi) = N
\XC

(34)

Integrating over the light quarks X{, i = 1,2,3 and one of the charmed quarks, Xc the

intrinsic charm quark distribution as a function of xc is obtained

c{x) = c{x) = P{xc) = ^Nx2
c | | ( 1 - xc){\ 2xc{\ + xc) Inx\ . (35)

If the probability for intrinsic charm is 1%, then N = 36. The fraction of the protons

momentum carried by the intrinsic charm quark xc is given by

Q2
vnz.

2P-q 2P-q 2P-q
(36)

The intrinsic charm quark momentum distribution xc(x) from [9] is evaluated and shown in
Figure 15.

0 0.25 0.5 0.75 1

Figure 15: The momentum distribution from the IC-model for charm quarks in the \uudcc)
Fock component in the proton.

The Intrinsic Charm model gives the shape of the momentum distribution for charm quarks
in the proton. The theoretical approach is generalised e.g. in [17]. Corrections to the simple
IC model are presented in [12], [16]. The prospects to test the intrinsic charm quark in the
proton are investigated e.g. in [15], [19]. The IC model has been known for more than 15
years now, yet it has neither been confirmed nor ruled out.

6.3 Hadronisation

Besides the QCD evolution, the most common source of strange quarks is from the hadro-
nisation. The mechanism responsible for hadronisation is caused by soft, non-perturbative
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processes, which cannot be derived from first principles in QCD. Instead phenomenological
models are constructed to explain the phenomenon. One of the hadronisation models is the
Lund string fragmentation model [8].

- i
: string

• meson

91
baryon

Figure 16: The string between a quark and a diquark in the Lund model, and fragmentation
into hadrons. The diquark in the proton remnant can be in a colour antitriplet state and can
thus be treated as an anti-quark. When the string breaks by gg-pair production, a baryon is
produced.

In the Lund string model the partons, produced in hard scattering processes, have a colour
field with constant strength K ~ lGeV/fm stretched between them. The string stretches from
a quark to an anti-quark. When the quarks move apart, the potential energy in the string
increases until the energy is large enough to create a new qq-p&ir which breaks the string. The
system splits into two colour singlet systems, as shown in Figure 16. The process continues
until only on-shell hadrons remain.

The ratio of quark flavours produced in hadronisation is approximately given by u : d : s :
c « 1 : 1 : 0.3 : 10~n [14], thus the charm and heavier quarks are not expected to be produced
in hadronisation while it is the main mechanism creating strange mesons.

6.4 The El-model applied to heavy quarks

The El-model has been shown to be useful to describe the proton's valence and sea parton
distributions. The sea was calculated only for light quarks, originating mainly from pion
fluctuations which are frequent due to the low pion mass. Quantitatively this gives a good
description of proton structure function data.

On the other hand there is no reason to exclude the heavier partons from the proton sea.
Of course, due to their larger mass, the probability should be smaller, but still non-zero. In
the following sections the model is extended to include heavy quarks.

The heavy mass complicates the understanding of the internal dynamics of the scatter-
ing process. Especially the charm quark mass is important when including the kinematical
constraints. Therefore the model described above cannot be applied straightforwardly.

The light sea partons were described in the hadron basis. The fluctuation into light hadrons
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costs significantly less in energy than a fluctuation into a light quark-antiquark pair.
Considering fluctuations containing heavy quarks the choice of a proper basis is not ob-

vious. The larger the mass the shorter is the lifetime of the fluctuation, thus the heavy
QQ fluctuation might not live long enough to form a hadronic state. However, the internal
processes in the proton are not well understood and for lack of well founded arguments the
methods derived from the El-model are applied in both bases.

6.4.1 The hadron basis

In the hadron basis the proton wave function can be expanded generally as shown in equation
(24). As long as the proton quantum numbers are conserved the proton wave function may
include also heavy mesons and baryons. Equation (25) can thus be continued considering
fluctuations with strange and charm constituents

\p) = co \p) K+A°) + ... (37)

The lightest possible meson-baryon fluctuation containing strange quarks, which conserves
the proton quantum numbers is a fluctuation into K+ = its' and A0 = uds. The lightest
possible fluctuation containing charm is a fluctuation into D = cu and A+ = udc. The
probability amplitude coefficients Cj and Cj are expected to be small and Cj <C Ci -C c\. They
are unknown and their absolute value provides the final normalisation, which is beyond the
scope of this study.

p baryon

Figure 17: Sea from hadronic fluctuations. The heavy quark can be scattered either in the
meson or in the baryon.

The scattering process, schematically shown in Figure 17, is identical to the case of fluc-

tuation with pions, described in section 5. The masses involved are given in Table 4.
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mv = 0.938 GeV
mK+ =0

=1

AUGeV

ll%GeV

mn0

mA+

=1

=2

M5GeV

.285GeV

Table 4: The masses of the proton, K+a,nd £>o-meson, and Ao and A+-baryon.

6.4.2 The parton basis

In the parton basis the proton wave function is expanded as

\p) = CQ \uud) + ci \uudg) + (38)

where the sum is over all quark flavours. Thus the corresponding terms consisting of strange
and charm quarks are \uudss) and \uudcc), respectively.

Figure 18: Sea from partonic fluctuations.

The scattering process is schematically shown in Figure 18. The masses involved are given
in Table 5.

mp

0.938 GeV

ms=mj

~ 0.2 GeV

rnc = nic

~ 1.4 GeV

Table 5: The masses of the proton, the strange and the charm quark.

7 Energy Fluctuation in Hadron Basis

A method based on energy fluctuations in hadron basis, labelled EFH, is here developed.
Hadrons are on mass-shell and therefore have parton densities as usual.
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7.1 Kinematics

The vertex proton —>• meson + baryon, (PMB). Assume that the probed heavy parton

originates from the meson, then the baryon will be treated as an external particle. Strictly this

would mean that the baryon must be on its mass shell. Nevertheless some soft interactions

between the baryon and the struck quark might occur, which implies that the baryon is allowed

to be off its mass shell with few hundred MeV. The proton is real and at rest, p = (mp,0).

Since the parton densities are defined in real hadrons, it is practical to choose the meson to

be on mass shell as well. Thus all particles involved in the process are put on the mass shell.

The masses of the particles involved are shown in Table 4. It is obvious that when both the

proton and the particles in the hadronic fluctuation are on mass shell, the conservation of four

momentum squared will be violated in the (PMB) vertex. This violation can be reduced to

the energy violation only, since the three-momentum conservation can easily be satisfied. The

proton is at rest having the four momentum

p = (mJM0). (39)

Let PM denote the four momentum of the meson and ps the corresponding vector of the

baryon. If the meson has a three-momentum pM in the proton rest frame, the baryon will be

given a three-momentum with equal absolute value but with opposite direction

PB = -PM- (40)

Thus,

\PM\ = y/rr%f+pM, (41)

\PB I = y/m% + (-p2
M) = y/m2

B+p2
M, (42)

where TUM and TUB denote the masses of the meson and the baryon, respectively.

The energy conservation will be violated in a controlled way by defining a new system,

where the proton has energy enough to realise the fluctuation with heavy real hadrons. The

fluctuated state is.defined by the four vectors, denoted by the primed labels, as shown in

Figure 19. All simulations and calculations are then performed within this fluctuated system.

Of course, in order to conserve the total energy of the system, the energy conservation must

be violated twice. Within this fluctuated system, the energy and momentum are conserved in

each vertex.

Definition of dE: The values of the components of the vectors which define the fluctuated

system, are established by taking into account the constraints mentioned above, i.e.
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P / P' / PB

Figure 19: Energy fluctuation in the intermediate state. Conservation of energy is violated in
the vertex p -)• p' and in the vertex q —> q'.

• The total invariant mass squared must be conserved,

W2 = W'2, (43)

where W' = p' + q'.

• The probing scale QQ must remain the same,

Q2 = q'2 = -Ql (44)

The proton four vector will receive an increased energy component

) , (45)

where dE denotes the energy needed for the energy conservation in the PMB vertex. The

value of dE depends of what masses are involved in the fluctuation.

The equations (43), (44) and (45) together determine the four vector q.

The minimum value of dE can be calculated from four vector conservation in the PMB

vertex

PI2 = (PM+PB)2, (46)

{mp + dE)2 = m2
M + m2

B + 2(^/m2
M + p2

M\JmB +p2
B- PMPB), (47)

_2

• m | + 2mjViffflB(H — — ) , (48)

dE ~ rriM + ms, (49)
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and in case of charm is approximately given by

dE > 2mc. (50)

Large fluctuations are expected to be suppressed, which indicates that the energy difference
should be simulated from a distribution describing that. Based on the energy denominator in
perturbation theory the energy difference is simulated from a ^L 2 distribution.

On the other hand, when considering the lifetime of the fluctuations, it could be more
appropriate to choose dE from a /d]$\'i e r~ distribution, where the exponential part repre-
sents the decay probability with the lifetime of the fluctuation of order F/j, ~ 0.2GeV when
considering hadronic fluctuations.

Higher values of dE will be more or less suppressed depending on the choice of the dis-
tribution. This affects the order of magnitude of the probability coefficient c. The larger the
masses of the particles in the fluctuation, i.e. the larger the value of dE that is needed, the
smaller the value of the coefficient c. Thus the choice of distribution of dE might give a hint
for final normalisation.

In the framework of this model no attempts are made to determine the absolute value of
this coefficient. Instead only the shape of the heavy quark distribution will be derived and
the effect due to the choice of the distribution is investigated.

7.2 Detailed description of the method

The vertex PMB: The energy difference is simulated from either a ,d^ or a rd^\i e r

distribution. For proton fluctuation into charmed hadrons, the minimum value of dE is given
approximately by two charm quark masses dE > 2mc. Because of the large charm mass the
meson and the baryon three momenta, which are of order tens of MeV, can be neglected.

A value of dE is randomly chosen from the given distribution starting from the minimum
value allowed. The value of dE will be added to the proton four vector energy component, as
shown in equation (45). By combining the equations (43), (44) and (45) the components of the
four vector q' are calculated. The meson three momentum will be simulated from a Gaussian
distribution and it is explicitly put on mass shell by calculating the energy component

= \/m2
M+p2

M. (51)

The vertex meson -¥ k +remnant: The quark three momentum k will be simulated from
a Gaussian distribution with the width aq = 0.2GeV. The mass of the struck quark can be
generalised as

mq = v/A-2, (52)
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and fluctuations in the same order of magnitude as for three momentum components are
allowed. Thus the energy component is calculated containing charm mass with corresponding
uncertainty

k0 = \l{mq + fluct)2 + k2. (53)

The four vector k is defined in the meson rest frame. Thus k must be Lorentz boosted into
the proton restframe. The boost vector is defined by the meson four vector. The four vector
r for the remnant is calculated as r = PM — k-

The vertex k + q' —>• j : The scattered quark four momentum j and the total energy in

the meson-probe system s2 = {pu + </)2> are calculated.

Final result: The momentum fraction is defined as the positive light cone fraction

(E + Pzjparton "4- /E- / i \
x+ = (r? j . n \ = 7T' ^54)

{& +Pz)proton' P+

giving the fraction of the proton's total momentum carried by the struck quark in the primed
system. Similarly the fraction of the proton's total momentum carried by the meson and the
fraction of mesons total momentum carried by the quark are given by

_ {E -t- pz)meson _ M± _ M+
XM+~ {E + pz)proton, ~ p'+ ~ (mp + dEY

\i^ T" Pz)parton ">+

z)meson PM+

The light-cone fractions x+, XM+ and xq+ are calculated.

7.3 Constraints

• The meson is explicitly put on mass shell, while the characteristics of the baryon four
momentum depend on the value of dE. If the lower limit of dE is large enough the
external baryon will be real.

• The heavy quark mass is explicitly included in the struck quark four vector.

• The meson remnant is expected to consist of light partons only, thus it is sufficient to

require r2 > 0.

• The scattered quark four momentum squared is not allowed to be larger than the total
energy in meson-probe system and not less than the charmed quarks mass squared,
m2

c<j2<s2.
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8 Energy Fluctuation in Parton Basis

The basic ideas for a method with energy fluctuations in the parton basis (EFP) are adopted
directly from the previous model. The difference consists of the lack of the intermediate meson
state. The heavy parton fluctuation is described in parton basis.

8.1 Kinematics

The proton fluctuates into a heavy quark and a remnant, which includes the correspond-
ing heavy anti-quark, schematically shown in Figure 20. The four vectors which define the
fluctuated system are calculated from equations (43), (44) and (45) given in section 7.

Figure 20: Energy fluctuation in intermediate state. The proton remnant includes the corre-
sponding charm quark.

The minimum value of dE is calculated from the four momentum squared conservation in
the vertex proton —> k + r,

p'2 = (k + r)2, (57)

(mp + dE)2 = m\ + ̂  m? + 2\Jm2
q + k2 f£ m? + r2 - kr. (58)

The light quarks are approximated to be massless, thus the remnant is effectively represented
by the charm quark only. From three-momentum conservation, A; and f will be chosen with
equal absolute value but with opposite direction. Thus equation (58) becomes

(mp + dE) ~ 2mg. 1 + — . (59)
ml

- 2In case of charmed quarks rnrq 3> A; , the lower limit of dE is approximately given by

dE > 2mc - mp. (60)

The energy fluctuation is simulated from either of the distributions as discussed in previous
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section. Since dE is simulated starting from the lowest value allowed, the range of dE is shifted

down corresponding to the proton mass.

The fluctuated four vectors p' and q' are calculated as described in section 7.

The struck quark four vector k is simulated similarly as in hadronic basis: the three-

momentum is chosen from a Gaussian distribution and the energy component calculated con-

taining charm mass with an uncertainty corresponding to a Gaussian fluctuation with the

width aq = 0.2GeV.

The four vectors r and j are calculated as before. The light-cone fraction x+ is defined,

calculated and interpreted in the same way as in previous case.

8.2 Constraints

• The struck charmed quark is explicitly put on the mass shell. The proton remnant mass

is approximately given by the corresponding charm or anti-charm quark only. The lower

limit of dE ensures that the remnant has energy enough to contain a charmed quark,

r2 > m2
c.

• The scattered quark four momentum squared must be in the interval between the squared

charm quark mass and the total invariant mass of the system, m2. < j 2 < W2.

9 Energy Conservation in Hadron Basis

As an alternative to the previous methods, we also consider a method with explicit energy-

momentum conservation in the hadron basis (ECH). This implies that hadrons and partons

must be allowed to be off-shell as illustrated in Figure 21. This requires the assumption that

the parton distributions are defined identically in the virtual hadrons as in the real ones.

9.1 Kinematics

The scattering process is shown in Figure 21.

Again the scattered quark is assumed to originate from the meson and the baryon will be

treated as an external particle. Thus, the baryon is explicitly put on mass shell

PB = \PB\ = y m | + pB, (61)

where mg denotes the mass of the baryon and the three momentum pB is simulated from

the Gaussian distribution with hadron width. The proton is at rest, p = (mp,0). The four

momentum squared conservation is required

P2 = (PM+PB)2, (62)
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baryon

Figure 21: Four momentum conservation is required. The meson and the struck quark are
spacelike.

PM = P~PB- (63)

The meson will have a three momentum with equal absolute value but with opposite direction.
From equation (62)

m2
M = m2 - m\ - 2(PMPB +p%), (64)

the meson will most likely have spacelike virtuality.
The remnant from the meson consists of light partons only. The corresponding four vector

r is simulated from the Gaussian distribution. Since the remnant is not participating in the
hard scattering process, it must be required to be real, i.e. r1 > ]T̂  m2 > 0. Consequently,
from four momentum conservation

k2 = (pM- r)2, (65)

the struck quark will obtain even larger virtuality.
The probe q when resolving the quark, transfers enough energy to make the scattered

quark real or timelike virtual
f = (k + q)2>m2

g. (66)

In the latter case it will radiate real partons until it is on mass shell. The total energy in the
meson-probe system is calculated

s2 = (PM + qf. (67)

The momentum fraction carried by the struck quark is calculated as described in previous
models

x+ = *+ = ^ t . ( 6 8 )
P+ mp
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9.2 Constraints

The scattered quark four momentum must be larger than the charm quark mass squared and

less than the total energy in meson-probe system, m2 < j 2 < s2.

10 Energy Conservation in Parton Basis

The previous method applied in parton basis, labelled ECP.

10.1 Kinematics

The scattering process is shown in Figure 22. Similarly as presented in section 8, the proton

is considered fluctuated into a heavy quark and a remnant which includes the corresponding

anti-quark. The struck quark is taken directly from the real proton where the parton densities

are defined as usual.

Figure 22: The struck quark is spacelike due to the heavy quark in the remnant and the four
momentum conservation.

The remnant, approximately represented by the heavy quark only, is not directly involved

in the hard scattering process. Therefore the remnant four vector must include the quark mass.

The uncertainty in mass is estimated in order of magnitude of the Gaussian distribution with

the width aq

r2 = (mq + flucty. (69)

The three momentum is simulated from a Gaussian distribution. The four vector of the struck

quark

k = p-r, (70)

and the scattered quark

j = k + q, (71)

are calculated.
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The momentum fraction is denned and calculated conventionally

10.2 Constraints

The scattered quark four momentum must be larger than the charm quark mass squared and

less than the total energy in proton-probe system, m2 < j 2 < W2.

11 The Momentum Fraction x and Bjorken Scaling Variable XB

11.1 General definition of x and XB

The Bjorken scaling variable XB is defined as in equation (8). The interpretation of XB being

the momentum fraction is valid only when assuming that the proton has a four momentum

given by P = (Ep, 0,0, — Ep) and that the initial and final quarks are massless, i.e. p2 = p2 = 0

p2 = {pj + q2)2 r=p2 + q
2 + 2Piq = xPq - Q2 = 0, (73)

x = = XB- (74)

Thus, under these assumptions and without considering the effects from the pQCD cor-

rections, Bjorken XB can be interpreted as the fraction x of the proton's momentum carried

by the struck quark.

More generally the relationship between these variables can be derived as follows.

1. The exchanged boson couples to a quark.

2. Define the quark's four momentum pi = xP, i.e. the quark carries a fraction x of the

proton's total momentum P .

3. The scattered quark has four momentum pf.

4. Prom the four momentum conservation

p2f = (Pi+ q2? =pf + q2 + tpiQ = X2P2 + 2xP -q-Q2, (75)

= xB + Pf~p P , (76)

& (77)
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X = XB + -^J— - ZJpL. (78)
OP . n OP . n

5. The denominator 2P • q is of the order of magnitude of the total invariant mass of the

proton-probe system, i.e. 2P • q ^> rr?p. Typically x is small 0 < x < 1, therefore
2 2

^f < 1, and

6. Assuming the scattered quark to be real, i.e. p2j — m^, the relation used by Brodsky in

the treatment of intrinsic charm will be obtained,

* = XB + ^L. (80)

11.2 The relationship of x and xg in the methods

The momentum fraction carried by the struck quark is calculated as a light-cone fraction,

denoted by x+.

In the method with energy fluctuation the relation between the momentum fraction x+,

and the Bjorken scaling variable xg is

X B j 2

X +

In the method with energy conservation the relation between x+ and xg is

•9 9
i mx+~xB + ̂ — >xB + —£-. (82)

2p-q 2p-q

The relations might be useful since the final results are usually expressed in terms of

invariant Bjorken xg.
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12 Overview of the Methods

12.1 The method with energy fluctuation

EFH EFP

Choose dE > hadronic limit Choose dE > partonic limit

I r

Calculate p' = (mp+dE,0) and q'

I
Choose pM, PM = mM

I < r

Choose k, k2 = (mc+fluct)2

Boost k to the proton
rest frame

Calculate r = pM - k Calculate r = p' - k

I
Calculate s = pM + q'

4 J
Calculate j = k + q'

i i
Check if

i >0
Check if

m 2 < j 2 < W 2

r2 > m q

I i
Calculate x+=

The left side illustrates the method with energy fluctuation in the hadron basis and the
right side the same approach in the parton basis. The total invariant mass squared is W2 =

bOOGeV calculated at Qo = O.SbGeV and q3 = -280(76^.

36



12.2 The method with energy conservation

ECH

Choose pB,

Calculate

Choose r,

Calculate

Calculate

PB = m B

1
PM=P"PB

1
r2 = (0 + fluct)2

4

1
S = P M + £I

Check if m2 :£j2<s2

4

ECP

Choose r, r2 = (m + fluct)21

Calculate k = p - r

Calculate j = k + q

I
Check if m 2 <j 2 <W 2

Calculate x+=

The method with energy conservation in hadron basis (left side) and in parton basis (the
right side).

13 Results on Charm

13.1 Internal model quantities

1. The ECH method was proven to be unsuitable to describe heavy quarks in the proton
at the starting scale. The kinematical constraint j 2 > m2. was never fulfilled at Qo =
0.85GeV. j 2 reflects the f(x) distribution since j 2 ~ x • W2.

2. The choice of the distribution of the energy fluctuation dE, i.e. {A<\z or > JL^ e f,
does not significantly change the shape of the momentum distributions xf(x). However,
it affects the normalisation in a way that the exponential factor gives a suppression of
10~4 for the hadronic fluctuations and 10"1 for the partonic fluctuations.

37



3. In parton basis the charm and anti-charm quark momentum distributions are equal, i.e.
xc(x) = xc(x), while in hadron basis they are not, xc(x) 7̂  xc(x). This is due to the fact
that the anti-charm quark is scattered in the meson and the charm quark in the baryon.
Since the A+-baryon has somewhat larger mass than the Z>o-meson, it carries a larger
fraction of the proton's total momentum. This implies that the momentum fraction
carried by the charm quark scattered in the baryon is larger than the corresponding
one for the anti-charm quark scattered in the meson. The momentum distributions for
charm and anti-charm respectively obtained by using EFH/EFP approaches are shown
in Figure 23.

x
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Figure 23: The charm and anti-charm momentum distributions derived from the method
with energy fluctuation. In hadron basis the charm quark is scattered in A+ baryon, TnA+ =
2.285GeV, (solid line) and the anti-charm is scattered in Do meson, m-p = 1.865GeV (dashed
line). In parton basis the charm and anti-charm distributions are equal (dotted line).

4. The masses of the struck quark, the remnant, and the scattered quark that were obtained
in the different methods are shown in Figure 24.

The struck quark four momentum squared, k2:

• In both methods EFH and EFP the four vector A; is chosen in the same way. The
difference is barely visible and caused by somewhat different kinematical constraints in
the hadron and parton bases. The k2 distribution is centered around the squared charm
quark mass m2 = 1.96GeV2 as expected, since the k vector was explicitly chosen to
include the charm quark mass with the uncertainty chosen from a Gaussian distribution,
k2 = (mc -I- fluct)2.
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Figure 24: The mass squared of the struck parton, the remnant and the scattered parton
respectively. The area is normalised to unity.

• In method ECP the &-vector is calculated from the four vector conservation, k2 = (p—r)2,
where the remnant, effectively represented by a charm quark, has r2 typically much larger
than m2. The struck quark is off-shell.

The remnant four vector squared, r2:

• In the EFH method the remnant contains only light partons, thus r2 is expected to be
small.

• The remnant in the method EFP also includes a charm quark. The corresponding four

vector is calculated relative to the fluctuated proton four vector, r — p' — k.

• In ECP the remnant is explicitly chosen as a charm quark with the mass fluctuating
with a few hundred MeV. The peak of the distribution is at ~ lGeV, which is less
than a squared charm mass. This is due to the four momentum conservation and the
kinematical constraint j 2 > m2..

The scattered quark four vector squared, j 2 :

m2 in methods EFH andThe scattered charm quark is significantly off shell, i.e. j 2

EFP. This is expected, since j 2 — (k + q)2 ~ 2k • q ~ k+q-, where k+ ~ mc, i.e. the
struck quark was chosen nearly on shell, and q- 3> mc.

• The j 2 distribution obtained in the method ECP has a peak around the charm quark
mass and decreases at high j 2 .

13.2 Charm quark momentum .distributions;..

The shapes of the charm quark momentum distribution in the proton at QQ = 0.85GeV

derived from the two methods in hadron and parton bases are shown in Figure 25.
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Figure 25: Momentum distributions for a charm quark in the proton derived from the methods
EFH, EFP and ECP respectively in comparison with the corresponding distribution from IC
model. The area is normalised to unity.

The averages of the momentum fraction carried by the struck charm quark in the different
methods are given in Table 6.

<x>
EFH

0.3304
EFP

0.4385
ECP

0.1791
IC

0.3572

Table 6: Average momentum fraction x in GeV.

The parameters used in the simulations are summarised in Table 7.

Qo
GeV

0.85

mp

GeV

0.938

m,M
GeV

1.865

m,B
GeV

2.285

GeV

1.4

GeV

0.2

GeV

0.05

dEmin
hadron basis

GeV

2.4

dEmin
parton basis

GeV

1.5

Table 7: The input parameters used in simulations.

When releasing the kinematical constraints in the methods the characteristic momentum
distribution of charm quark given by IC model is essentially obtained as shown in Figure 26.
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Figure 26: Momentum distributions for a charm quark in the proton derived from the EFP
and ECP methods without kinematical constraints, compared with IC model. The shapes of
the momentum distributions in EFH and EFP become identical as expected. However, when
dE < mc the description in terms of hadrons is no longer valid.

14 Discussion

14.1 The credibility of the methods

The mass squared of the scattered quark obtained in the method with energy fluctuation is
very large, i.e. j 2 ~^> m2. The timelike final state quark must become real, for example by
radiating gluons. This effect from the gluon emission must be taken into account, consequently
the zeroth order approximation might no longer be valid. The gluon emission corrections are
obtained by summing over all possible diagrams in as. An example of the first order diagrams
in as are shown in Figure 27. This can be interpreted in two ways.

Figure 27: The zeroth and first order diagrams in as summed on amplitude level. The first
order diagrams must also contain the photon-gluon-fusion process.

All charm is produced perturbatively in PGF processes.

The results must be modified by a so called Sudakov form factor from pQCD to suppress

high j 2 . That will change the shape of the charm quark momentum distributions.
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Hence, this model does not produce a reliable charm quark momentum distribution at starting
scale Qo- At large Q the shapes of the momentum distributions do not change significantly,
but the final state quark will have j 2 distribution with a peak around the squared mass of
the charm quark, as shown in Figure 28. Thus the model should be applicable at larger Q2,
but then one may argue that pQCD should be used to calculate the charm distribution. At
Q2 3> m2. the charm quark can be treated as a light parton.
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\
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0 25 50 75 100 125 150

Figure 28: The scattered quark mass squared at Q = 15GeV. The larger the momentum
transfer the less virtual is the scattered quark, j 2 is measured in GeV2.

The strength of the method with energy fluctuation is that all particles are real, and the
parton distributions are simulated in a real hadron.

In the method with energy conservation the leading order approximation works well. The
scattered quark four momentum squared has a peak at the charm quark mass squared and the
distribution decreases with increasing j 2 . On the other hand in the method ECP the struck
quark is spacelike, i.e. k2 < 0 and it is made real in the hard scattering process.

In EFH the minimum allowed energy difference dE must be large enough to realise a
fluctuation into an on-shell meson and an on-shell baryon. The energy needed for hadronisation
must be considered already before the hard scattering process. Since the meson is explicitly
put on-shell, at the lower limit of dE, i.e. when dE ~ 2mc, the baryon is off-shell with a few
hundred MeV. This approximation is acceptable since the probe is involved in the process and
there might occur some soft processes between the scattered quark and the external baryon.
Fluctuations larger than a few hundred MeV cannot be. allowed when considering hadronic
fluctuations. In the parton basis there are no strictly external particles. The proton remnant
consists of partons and the energy needed for hadronisation can be taken from the colour field
between the scattered quark and the remnant. Consequently the lower limit of dE is smaller
in EFP than in comparison with the lower limit of dE in EFH.
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In ECP, as well as in ECH, the proton remnant and the external baryon respectively are
put almost on-shell. As in previous cases the fluctuations with more than a few hundred
MeV are not allowed. That is why the ECH approach does not work. In the parton basis the
fluctuated energy can be taken from the colour field in the hadronisation.

In the proton rest frame the life-time of a fluctuation with light partons is of order of
the inverse size of the proton, i.e. ~ 0.2GeV. In the El model this is well known as the
width of the Gaussian distribution describing a partonic fluctuation, aq ~ 0.2GeV. The
corresponding width of the Gaussian for a hadronic fluctuation is an ~ 0.05GeV, a typical
momentum for pions in nuclei reflecting the life-time of fluctuations with light hadrons. Due
to the heavy mass, the lifetime of charm quarks or charmed hadrons is much smaller than
the lifetime for light partons/light hadrons, from the Heisenberg uncertainty relation r ~ ^- .
Considering heavy particles, the life-time of the fluctuation is much shorter than the resolution
of the probe, i.e. ^ - -C } 2. This leads to a conceptual problem: how can a probe with

Q2 = (Q.85GeV)2 resolve a heavy quark with m2 — (lAGeV)2? There are suggestions as
e.g. in [18], [20] that the lowest physically reasonable scale at which the charm quark may be
resolved is at Q2 = m2. However, the possibility to realise a charm fluctuation is rather given
by a sufficiently large total invariant mass W2, than large Q2. Even so, a clear solution to the
problem has not been found.

The charm quark momentum distributions obtained in the different methods have rea-
sonable shapes. When releasing the kinematical constraints the shape given by IC model
is essentially obtained. That was expected since IC model gives the characteristic shape of
heavy quark momentum distributions in proton but does not take kinematical constraints into
account.

14.2 The capability of the methods

The method with energy fluctuation is constructed in a way that the proton wave function may
include all possible hadrons/partons with any mass as long as the proton quantum numbers
are conserved. The energy fluctuation dE ensures that, regardless of the size of the mass of
the particles in fluctuation, the methods EFH/EFP produce the corresponding momentum
distribution. Even though the distribution of dE does not give the absolute normalisation, it
naturally results in larger suppression the higher the mass of the fluctuation. On the other
hand this method does not argue neither in favour nor against the intrinsic heavy quark
hypothesis.

The method with energy conservation does not postulate the existence of intrinsic heavy
quarks. On the contrary, since it did produce charm distributions at low QQ it supports the
presence of heavy quark fluctuations, e.g. intrinsic charm, in the proton.

Except for method ECH, the methods derived from theJEI-niodel produce reasonable heavy
quark distributions in the proton at Q$. These methods reproduce essentially the shape of the

43



momentum distribution from the IC model, when the kinematical constraints in the former
are removed.

An interesting difference results from the parton and hadron basis. In the parton basis
c(x) — c(x), while in the hadron basis xc(x) ̂  xc(x) due to charm hadron mass effects.
Although this difference is small, as shown in Figure 23, it is in principle observable.

15 Strangeness

The proton wave function may also include an "intrinsic strange" component. Here the
corresponding strange quark distributions are derived. Since the mass of a strange quark,
ms ~ 0.2GeV, is not small enough to be neglected, the original El-model cannot be used
straightforwardly. Instead we apply the methods developed for charmed fluctuations described
in Sections 7 - 10 to estimate the intrinsic strange distributions.

Method EFH: Consider the proton being fluctuated into K+ = us and A0 = uds. Due
to the low strange quark mass, the approximations which simplified the calculations in the
charm case are not allowed. Instead the minimum value of dE is estimated numerically from

(mp + dE)2 = m2
M + m2

B + 2 ̂ Jm2
Mm2

B + (m2
M + mB)fM +pi

M + p2
Mj . (83)

The norm of the three momentum is approximately given by its mean value,
i.e. \PM\ — O.SGeV, the masses of the hadrons are given in Table 4. The lowest value of dE
is evaluated to be approximately dE > 0.7GeV.

The EFH approach is applied with masses of the strange particles and dEmin as given

above.

Method EFP: The proton is having an additional strange-antistrange pair. The masses of
the light quarks in the proton remnant are approximated to correspond to ~ ^ of the proton
mass each. Thus the mass of the proton remnant is roughly X)imi ~ m2 + m2. The lower
limit of dE is calculated numerically from

(mp + dE)2 = m2 + ^ m ? + 2
I

(m
I

(84)

and is approximately dE > OAbGeV.

Method ECH and ECP: The methods are applied with masses of the strange particles.

No further modifications were needed.
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16 Results on Strange Quarks

16.1 Internal model quantities

The resulting squared masses of the struck quark, the remnant and the scattered quark are
shown in Figure 29. The shapes of the distributions characterize the respective methods as
expected.

0 0.5 1 1.5 2 2.5 3 3.5
2

Figure 29: The mass squared of the struck parton, the remnant, and the scattered parton
respectively measured in GeV2. The area is normalised to unity.

The struck quark mass squared has a peak around zero, approached from the right or from
the left in the methods EFH/EFP and ECH/ECP respectively.

In the hadron bases the remnant consists only of light partons and the corresponding
curves peak around zero as expected. In the parton bases the remnant is of order of the
proton mass, r2 = (mp + fluct)2. The difference in the shapes of r2 distributions from EFP
and ECP respectively is because of the kinematical constraints.

In the methods with energy fluctuation the scattered quark mass squared, j 2 is much larger
than the squared strange quark mass, j 2 > m2. In the methods with energy conservation j 2

is still large, but the peak is around zero and the distribution decreases as j 2 increases.

16.2 Strange quark momentum distributions

The strange quark momentum distributions in the proton are shown in Figure 30 together with
the distributions without kinematical constraints. The average momentum fraction carried by
the struck strange quark is given in Table 8

<x>
EFH
0.167

EFP
0.351

ECH
0.344

ECP
0.316

Table 8: The average momentum fraction x in GeV.
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Figure 30: Momentum distributions for a strange quark in the proton derived from the methods
EFH, EFP, ECH, and ECP respectively. On the left with kinematical constraints, on the right
without constraints. The area is normalised to unity.

16.3 Discussion

Within the uncertainties of the methods, the three strange quark momentum distributions
obtained from the EFH, EFP, and ECP methods are identical. The EFH method produces a
somewhat different strange quark momentum distribution. This difference can be understood
when considering the difference between the EFH and EFP, namely the intermediate hadronic
state. In EFH the meson remnant together with the baryon will take larger fraction of the
proton's total momentum than the proton remnant in the parton basis.

In the method with energy fluctuation the scattered quark is virtual, i.e. j 2 > m2., in both
bases. Therefore, gluon emission must be taken into account and consequently the methods
EFH/EFP do not give a reliable x distribution_ at Qo-

During the process of establishing these methods for the strange fluctuations, we observed
that the shape and the range of the momentum distributions are sensitive to the choice of the
following parameters:

• the mass of the strange quark,

• the mass of the proton remnant,

• the range of dE.

This implies that the methods considering strange fluctuations have large uncertainties as well
as the obtained strange quark distributions. The main reason is the low mass of the strange
quark. On one hand the "scale-problem" which is troublesome in the case of charm does not
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exist here, since ^ <SC -4p< <C ^ . Instead other difficulties turned up. For instance, the
approximations which would simplify the calculations and reduce the uncertainties, do not
apply since the strange quark mass is of order of

• the uncertainties in the method,

• the three momentum of the meson and the struck quark,

• the current mass of the proton valence partons.

Compared to the massless quarks, the strange quark is "heavy", while compared with the
charm quark it is light. That makes the choice of the method, i.e. the original El-model
where the involved partons were considered massless or the generalised method with mass
effects included, not obvious.

Qo
GeV

0.85

mp

GeV

0.938

rriM
GeV

0.494

TUB

GeV

1.116

GeV

0.2

oq

GeV

0.2

GeV

0.05

dEmin

hadron basis
GeV

0.65

dEmin

parton basis
GeV

0.45

Table 9: The input parameters used in simulations.

17 Conclusions

In this thesis the Edin-Ingelman model for parton distributions at probing scale QQ was ex-
tended to include heavy quarks in the proton.

Two methods were derived, each applied in both hadron and parton bases. Three of
them produced reasonable charm quark momentum distributions. The method with energy
conservation works only in parton basis. The method with energy fluctuation works in both
bases, but the obtained final state quark has large timelike virtuality implying the need for
gluon emission such that the obtained momentum distributions in these methods will be
modified.

The results for charm distributions are compared with the Intrinsic Charm model. When
kinematical constraints (not present in the IC model) are released the shape of IC distribution
is essentially obtained. This shows the overall consistency of models for charm in the proton,
although the detailed results depend on the account for the charm quark mass.

Applying the methods on strange fluctuations is more complicated, since the strange quark
mass is not small enough to be neglected but not large enough to allow the same simplifying
approximations as in the charm case. This leads to uncertainties in the results. Moreover, the
strange quarks are abundantly produced in perturbative processes and in hadronisation, which
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makes the comparison with data complicated. Therefore, it is hard to draw a firm conclusion
at this stage concerning the models for strange quarks in the proton.

A continuation of these investigations would be to evolve the obtained charm and strange
momentum distributions to larger Q2 using the perturbative QCD. A complication is here that
the heavy quark mass should be accounted for in the evolution equations [18]. The charm
structure functions can then be compared with existing data, e.g. [12].

So far only the shape of the momentum distributions has been considered, but one should
also address the problem of overall normalisation. The probability coefficient for pion fluctu-
ations is essentially known, since the fraction of the proton momentum carried by sea par tons
has been found to be 7.7%. Given this normalisation, the normalisation for heavy quark fluc-
tuations could be estimated based on the probability distribution -^. However, one should
then also consider the limitations due to the kinematical constraints on the final state, i.e. the
events rejected in our simulation method.

This study has shown that heavy quarks may exist in the proton as quantum fluctuations.
Although this is complicated both conceptually and technically, some of the model alterna-
tives investigated are viable and give reasonable momentum distributions. These can now be
compared to the existing experimental evidence for charm quarks in the proton.
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