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Introduction — What is Lund?

City Population: 100,000
Lund University: 43,000 students
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Introduction — What is the Lund Model?

Developed by the Lund High-Energy Theory Group

Wanted to understand the nuclear structure (the strong force)

Need high energy beam in order to penetrate into nuclei and
look what’s inside:

When we knock out a quark from a nucleus a swarm of particles
are produced... What’s going on?

Hadronization: quark ! spray of hadrons (jet)
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Introduction — What is the Lund Model?

The Lund String Fragmentation Model (focus of this
presentation) is a model of the hadronization process

Developed in the late seventies

Semi-classical approach “inspired” by QCD

Quarks/gluons move fast ! must consider relativity

Several new parts and extensions have been added over the years

lots of ongoing studies by theoretical institutes all over the world

The Lund Model has been implemented in Pythia—today
considered the most successful and realistic simulation software
for multi-particle production (particle physics)
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About QCD — QED vs QCD

Two of the four fundamental forces

Electromagnetism
Described by QED

interact by electric charge
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Two of the four fundamental forces

Electromagnetism Strong interaction
Described by QED QCD

interact by electric charge colour (r , g , b, r̄ , ḡ , b̄)

photon � gluon g
mediator massless, spin 1 massless, spin 1

no charge no electric charge
no colour charge carries colour charge

QED: Can be calculated very precisely using perturbation theory

QCD: The gluon self-interaction makes things much harder
Perturbation theory only works at very high E – asymptotic freedom –
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About QCD — QED vs QCD fields
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About QCD — QED vs QCD potential

Coulumb potential and possible QCD potential (for a meson)

V
QCD

⇡ 4~↵
s

3r

+ r
⇡ linear for distances . 1 fm ! colour is confined

linear potential ! constant force

slope  ⇡ 1 GeV/fm
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About QCD — The QCD field

Meson animation, Baryon animation

These simulations were shown during Prof. Frank Wilczek’s 2004
Nobel Prize Lecture – “for the discovery of asymptotic freedom in
the theory of the strong interaction”

Lattice QCD simulations from 2003 done by Centre for the Subatomic Structure of Matter (CSSM) and

Department of Physics, University of Adelaide, 5005 Australia
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MRS dynamics — The Massless Relativistic String

The basic idea/assumptions of the Lund String Model:
The QCD field between two quarks only exist in a narrow region
between the quarks – the QCD field is modelled as a string
(also called “flux tube”)

The energy of the field is proportional to its volume

Width of field assumed constant

! Field energy proportional to quark separation E
field

= r

! when a quark moves away it loses kinetic energy that gets
absorbed by the QCD field

! QCD field excerts a constant force on the quark
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MRS dynamics — The Massless Relativistic String

Lund String Model for a qq̄ pair

Assume we have a quark-antiquark pair, both with mass m
initially at (t

0

, z
0

), that move away from each other rapidly
along the z-axis

From special relativity we know

E = m�c2, ~p = m�c~�, E 2 = ~p2c2 + m2c4

For the quark(s): ~p = p
z

ê
z

From assumptions on previous page we have

dE

dz
= �, dp

z

dt

= �

E = (z
0

� z), p = (t
0

� t)
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MRS dynamics — The yoyo-mode

From previous page we had

E = (z
0

� z), p
z

= (t
0

� t), E 2 = p2

z

c2 + m2c4

Solving for z gives

z = z
0

�
r

m2c4

2

+ c2(t
0

� t)2
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MRS dynamics — The yoyo-mode

The periodic motion derived is re↵ered to as the yoyo-mode

Period ⌧ = 2E

tot

c

This system corresponds to a meson with mass M = E
tot

c�2

Area in space time A = M

2

c

2

2
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MRS dynamics — boosted yoyo-mode

This is the same system but boosted by 0.38c (y = 0.4) along the
negative z-axis

Area in space time is still directly proportional to the rest mass of
the string system (meson) A = M

2

c

2

2
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MRS break-up — String decay

Assumption: qq̄-pairs can be created along the force lines

Conservations of quantum numbers: qq̄-pair created in
vacuum – must together have the quantum numbers of vacuum

Local Energy Conservation: If we consider the quarks
massless, it doesn’t “cost” anything to create them. Will have
zero kinetic energy and be accelerated by the field.

Confinement: Field dissappears between the new qq̄

Dag Gillberg (SFU) The Lund String Fragmentation Model 15 / 20



MRS break-up — String decay

Assumption: qq̄-pairs can be created along the force lines

Conservations of quantum numbers: qq̄-pair created in
vacuum – must together have the quantum numbers of vacuum

Local Energy Conservation: If we consider the quarks
massless, it doesn’t “cost” anything to create them. Will have
zero kinetic energy and be accelerated by the field.

Confinement: Field dissappears between the new qq̄

Dag Gillberg (SFU) The Lund String Fragmentation Model 15 / 20



MRS break-up — String decay

Assumption: qq̄-pairs can be created along the force lines

Conservations of quantum numbers: qq̄-pair created in
vacuum – must together have the quantum numbers of vacuum

Local Energy Conservation: If we consider the quarks
massless, it doesn’t “cost” anything to create them. Will have
zero kinetic energy and be accelerated by the field.

Confinement: Field dissappears between the new qq̄

Dag Gillberg (SFU) The Lund String Fragmentation Model 15 / 20



MRS break-up — String decay

Assumption: qq̄-pairs can be created along the force lines

Conservations of quantum numbers: qq̄-pair created in
vacuum – must together have the quantum numbers of vacuum

Local Energy Conservation: If we consider the quarks
massless, it doesn’t “cost” anything to create them. Will have
zero kinetic energy and be accelerated by the field.

Confinement: Field dissappears between the new qq̄

Dag Gillberg (SFU) The Lund String Fragmentation Model 15 / 20



MRS break-up — String decay

The Lund String Model uses a stochastical process to simulate
the string decay...
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String decay

Several “yoyo-modes” created as the original string-system
breaks up

Each “yoyo-mode” can further decay and the final yoyo-modes
will be on the mass-shells of hadrons
The final result of a string decay will be a set of hadrons, either
moving in the positive or negative z-direction

We have two jets
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Extensions to the model

In the full model, the string end-points (quarks) have masses

As a string breaks, the q and the q̄ will tunnel out from the
vacuum due to the strength of the field

In this process, the quarks will also get a transverse momentum
component ! the final jets of particles will have a spread

Gluons can appear as “kinks” (excitations) on the string
! more complex modes possible
! a gluon can be created with large transverse momentum and
result in a third jet

Several models for baryon production – simplest model allows
diquark pairs to be created in the string
q–q̄ ! q–qq q̄q̄–q̄
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Summary

A “string” is used to model the QCD field between two endpoint
colour charges (quarks)

Numerous and detailed studies at the LEP collider (at CERN)
favours this model over other models for hadronization
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