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Hadronization

Linear QCD potential in quarkonia

F. Krauss IPPP

QCD & Monte Carlo Tools



Orientation PDFs Hadronization Underlying Event Upshot

Hadronization

Dynamical strings in e+e− → qq̄
B.Andersson, G.Gustafson, G.Ingelman and T.Sjostrand, Phys. Rept. 97 (1983) 31.

Ignoring gluon radiation: Point-like source of string.

Intense chromomagnetic field within string:
More qq̄ pairs created by tunnelling.

Analogy with QED (Schwinger mechanism):
dP ∼ dxdt exp

(

−πm2
q/κ

)

, κ = “string tension”.

F. Krauss IPPP

QCD & Monte Carlo Tools
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Hadronization

Some experimental facts → naive parameterizations

In e+e− → hadrons: Limits p⊥, flat plateau in y .

Try “smearing”: ρ(p2
⊥) ∼ exp(−p2

⊥/σ2)

F. Krauss IPPP

QCD & Monte Carlo Tools
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Hadronization

Implementation of naive parameterizations
Feynman-Field independent fragmentation.

R.D.Field and R.P.Feynman, Nucl. Phys. B 136 (1978) 1

Recursively fragment q → q′+ had, where

Transverse momentum from (fitted) Gaussian;
longitudinal momentum arbitrary (hence from
measurements);
flavor from symmetry arguments + measurements.

Problems: frame dependent, “last quark”, infrared safety,
no direct link to perturbation theory, . . . .

F. Krauss IPPP

QCD & Monte Carlo Tools
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Hadronization

Preconfinement
Underlying: Large Nc-limit (planar graphs).

Follows evolution of color in parton showers:
at the end of shower color singlets close in phase space.

Mass of singlets: peaked at low scales ≈ Q2
0 .

F. Krauss IPPP

QCD & Monte Carlo Tools



Orientation PDFs Hadronization Underlying Event Upshot

Hadronization

Primordial cluster mass distribution
Starting point: Preconfinement;

split gluons into qq̄-pairs;

adjacent pairs color connected,
form colorless (white) clusters.

Clusters (“≈ excited hadrons)
decay into hadrons

F. Krauss IPPP

QCD & Monte Carlo Tools
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Underlying Event

Multiple parton scattering?

Hadrons = extended objects!

No guarantee for one scattering only.

Running of αS
=⇒ preference for soft scattering.

F. Krauss IPPP

QCD & Monte Carlo Tools
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Underlying Event

Definition(s)

Proton AntiProton

Multiple Parton Interactions

PT(hard)

Outgoing Parton

Outgoing Parton

Underlying EventUnderlying Event

 

1 Everything apart from the hard interaction including IS
showers, FS showers, remnant hadronization.

2 Remnant-remnant interactions, soft and/or hard.

3 Lesson: hard to define

F. Krauss IPPP

QCD & Monte Carlo Tools
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Underlying event

Old Pythia model: Algorithm, simplified
T.Sjostrand and M.van Zijl, Phys. Rev. D 36 (1987) 2019.

Start with hard interaction, at scale Q2
hard.

Select a new scale p2
⊥

(according to f =
dσ2→2(p2

⊥
)

dp2
⊥

with p2
⊥

∈ [p2
⊥,min

, Q2])

Rescale proton momentum (“proton-parton = proton with reduced energy”).

Repeat until below p2
⊥,min.

May add impact-parameter dependence, showers, etc..

Treat intrinsic k⊥ of partons (→ parameter)

Model proton remnants (→ parameter)

F. Krauss IPPP

QCD & Monte Carlo Tools



Detector Simulation -
 

General  
General characteristics of a detector simulation system
– You specify the geometry of a particle detector
– Then the software system automatically transports the particle 

you shoot  into the detector by simulating the particle 
interactions in matter based on the Monte Carlo method

The heart of the simulation: the Monte Carlo method
– A method to search for solutions to a mathematical problem 

using a statistical sampling with random numbers



The role of simulation

Simulation plays a fundamental role in various domains  and phasSimulation plays a fundamental role in various domains  and phases of es of 
an experimental physics projectan experimental physics project
– design of the experimental set-up
– evaluation and definition of the potential physics output of the project
– evaluation of potential risks to the project
– assessment of the performance of the experiment
– development, test and optimisation of reconstruction and physics analysis software
– contribution to the calculation and validation of physics results 

The scope of these lectures (and of Geant4) encompasses the simulation of simulation of 
the passage of particles through matterthe passage of particles through matter
– there are other kinds of simulation components, such as physics event generators, 

electronics response generation, etc.
– often the simulation of a complex experiment consists of several of these 

components interfaced to one another 



Basic requirements for a simulation 
system 

Modeling the experimental set-up 
Tracking particles through matter
Interaction of particles with matter
Modeling the detector response
Run and event control
Accessory utilities (random number generators, PDG particle information etc.)

Interface to event generators
Visualisation of the set-up, tracks and hits
User interface
Persistency



EGS4, EGS5, EGSnrc
Geant3, Geant4 
MARS
MCNP, MCNPX, A3MCNP, MCNP-DSP, MCNP4B
MVP, MVP-BURN
Penelope
Peregrine
Tripoli-3, Tripoli-3 A, Tripoli-4 

DPM
EA-MC
FLUKA 
GEM
HERMES
LAHET
MCBEND 
MCU 
MF3D
NMTC
MONK 
MORSE
RTS&T-2000 
SCALE
TRAX
VMC++

...and I probably forgot some more
Many codes not publicly distributed

A lot of business around MC 

The zoo

Monte Carlo codes presented at the MC200 Conference, Lisbon, OctMonte Carlo codes presented at the MC200 Conference, Lisbon, October 2000ober 2000
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LHC

ATLAS

LHCb

Complex physicsComplex physics
Complex detectorsComplex detectors

20 years
software life-span



Geant4 CollaborationGeant4 Collaboration

CERN, ESA, KEK, SLAC, TRIUMF, TJNL
INFN, IN2P3, PPARC

Barcelona Univ., Budker Inst., Frankfurt Univ., Karolinska 
Inst., Helsinki Univ., Lebedev Inst., LIP, Northeastern 

Univ. etc.

MoU based
Distribution, Development and User Support of Geant4



What Can Geant4 Do for You?
Transports a particle step-by-step by taking into 
account the interactions with materials and external 
electromagnetic fields until the particle

loses its kinetic energy to zero,
disappears by an interaction,
comes to the end of the simulation volume

Provides a way for the user to access the 
transportation process and grab the simulation results

at the beginning and end of transportation,
at the end of each stepping in transportation,
at the time when the particle is going into the sensitive 
volume of the detector
etc.
These are called “User Actions”



What You Have to Do for Geant4?
Three essential information you have to provide:

Geometrical information of the detector
Choice of physics processes 
Kinematical information of particles going into the detector

Auxiliary you have to prepare:
Magnetic and electric field
Actions you want  to take when you access the particle 
transportation
Actions you want to take when a particle goes into a 
sensitive volume of the detector
etc.
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Role
– detailed detector description
– efficient navigation

Three conceptual layers
–– Solid:Solid: shape, size
–– LogicalVolumeLogicalVolume: material, sensitivity, daughter volumes, etc.
–– PhysicalVolumePhysicalVolume: position, rotation

One can do fancy things with geometry…

GeometryGeometry

Boolean 
operations

Transparent 
solids

Courtesy of ATLAS Collaboration

ATLAS
5.2 M volume objects

110 K volume types
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SolidsSolids

CSGCSG (Constructed Solid Geometries)
– simple solids

STEP extensionsSTEP extensions
– polyhedra, spheres, cylinders, cones, toroids, etc.

BREPS (BREPS (BBoundary oundary REPREPresentedresented SSolids)olids)
– volumes defined by boundary surfaces

ATLAS 

representationsrepresentations
Same abstract interface

CAD exchange

Multiple Multiple 

BaBar

LHCb

CMS

Courtesy of  CMS 
Collaboration

Courtesy of  BaBar
Collaboration

Courtesy of  LHCb
Collaboration

KamLAND

Courtesy of H.Ikeda

Courtesy of  Borexino

Borexino
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parameterised

placement

Physical VolumesPhysical Volumes

replica

assembled

Versatility to describe 
complex geometries
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Electric and magnetic fieldsElectric and magnetic fields of variable non-uniformity 
and differentiability

Geant4 field ~ 2 times faster 
than FORTRAN/GEANT3

Courtesy of 
M. Stavrianakou for the CMS Collaboration

CMS

1 GeV proton in the Earth’s geomagnetic field

Courtesy Laurent Desorgher, University of Bern

MOKKA

Linear 
Collider
Detector



Mokka 
detectors 
geometry 
database

Mokka

Geometry
Database

Geometry drivers
Geant4

P. Mora de Freitas / H. Videau, L.L.R. – Ecole polytechnique



MokkaMokka geometry drivers and geometry drivers and 
databasesdatabases

MOKKA

Proto00

P55

P55Ec

P. Mora de Freitas / H. Videau, L.L.R. – Ecole polytechnique



MokkaMokka: a Common a Common 
Geometry Access API (F77, C++,C)Geometry Access API (F77, C++,C)

Simulation 
(Mokka)

Reconstruction
(user code)

Analysis
(user code)

Geometry drivers
Run Time

CGA API
Geometry 
Database

Implements some reconstruction utilities.
Java API coming soon. G. Musat

P. Mora de Freitas / H. Videau, L.L.R. – Ecole polytechnique
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example – GEAR API  VXD
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geometry for reconstruction

high level abstract interface:
per subdetector type (Hcal,TPC,...) 
parameters/quantities for reco

geometry + some navigation
implementation uses xml files written 
from Mokka (simulation)
abstract interface for detailed 
geometry &materials:

point properties
path properties
implementation based on geant4 

 MokkaGear 
● enforce only one source of geometry:

the simulation program creates the
geometry xml files used 
in reconstruction

 GEometry API for Reconstruction

( recently improved by K.Harder et al)
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Simulation

Geant4

software framework architecture

MOKKA

CGA
C++ Drivers

MySQL

Reconstruction-Analysis

MARLIN

MarlinUtil

Processors

LCCD

CondDBMySQL

LCIO

GEAR

CLHEP, gsl,..
MokkaGear
 & CGAGear
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PhysicsPhysics
Abstract interfaceAbstract interface to physics processes
–– Tracking independent from physicsTracking independent from physics
– Uniform treatment of electromagnetic and hadronic processes

Distinction between processesprocesses and modelsmodels
– multiple models for the same physics process 

(complementary/alternative)

TransparencyTransparency (supported by encapsulation and polymorphism)
– Calculation of cross-sections independent from the way they are accessed     

(data files, analytical formulae etc.)

– Calculation of the final state independent from tracking

Explicit use of units throughout the code

Open system
– Users can easily create and use their own models
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Multiple scattering 
Bremsstrahlung
Ionisation
Annihilation
Photoelectric effect 
Compton scattering 
Rayleigh effect
γ conversion
e+e- pair production
Synchrotron radiation
Transition radiation
Cherenkov
Refraction
Reflection
Absorption
Scintillation
Fluorescence
Auger

Electromagnetic Electromagnetic 
physicsphysics

High energy extensionsHigh energy extensions
– needed for LHC experiments, cosmic ray experiments…

Low energy extensionsLow energy extensions
– fundamental for space and medical applications, dark 

matter and ν experiments, antimatter spectroscopy etc.

Alternative models for the same processAlternative models for the same process

energy 
loss

Comparable to Geant3 already in the α release (1997)

Further extensions (facilitated by the OO technology)

� electrons and positrons
� γ, X-ray and optical photons
� muons
� charged hadrons
� ions

All obeying to the same abstract Process interface transparent to tracking
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CalorimetryCalorimetry Single crystal containment: E1x1/E3x3 versus position

Data
G4

Courtesy of 
M. Stavrianakou for the CMS Collaboration

CMS

TrackingTracking

Geant4 
Standard 

Electromagnetic 
Physics

Courtesy of
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γγ astrophysicsastrophysics
γγ--ray burstsray bursts

AGILE GLAST

Typical telescope:
Tracker
Calorimeter
Anticoincidence
� γ conversion
� electron interactions
� multiple scattering
� δ-ray production
� charged particle tracking

GLAST

GLAST

Courtesy of GLAST

Courtesy of AGILE
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Optical photonsOptical photons

Courtesy of J. Mc Cormick (SLAC)

Geant4 Optical Processes :Geant4 Optical Processes :
Scintillating Cells and WLS FibersScintillating Cells and WLS Fibers

 Production of optical photons in HEP detectors is mainly due to Cherenkov effect and scintillation

  Processes in Geant4:Processes in Geant4:
- in-flight absorption
- Rayleigh scattering
- medium-boundary interactions (reflection, refraction)

Photon 
entering a 
light 
concentrator 
CTF-
Borexino
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Hadronic physicsHadronic physics

Completely different approach w.r.t. the past (Geant3)Completely different approach w.r.t. the past (Geant3)
– native
– transparent
– no longer interface to external packages
– clear separation between data and their use in algorithms

Cross section data setsCross section data sets
– transparent and interchangeable

Final state calculationFinal state calculation
– models by particle, energy, material

Ample variety of models Ample variety of models 
– the most complete hadronic

simulation kit on the market
– alternative and complementary 

models 
– data-driven, parameterised and 

theoretical models
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Hadronic model inventoryHadronic model inventory
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ParameterisedParameterised and dataand data--driven driven hadronichadronic models (1)models (1)

Based on experimental dataBased on experimental data
Some models originally from GHEISHASome models originally from GHEISHA
– completely reengineered into OO design
– refined physics parameterisations

New parameterisationsNew parameterisations
– pp, elastic differential cross section
– nN, total cross section
– pN, total cross section
– np, elastic differential cross section
− πN, total cross section
− πN, coherent elastic scattering

p elastic scattering on Hydrogen
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Other models are completely new, such as:

nuclear deexcitation

absorption

Stopping π

MeV
Energy

 All worldwide existing databases 
used in neutron transport 

 Brond, CENDL, EFF, ENDFB, JEF, 
JENDL, MENDL etc.

neutrons

stopping particles: π- , K-

(relevant for μ/π PID detectors)

ParameterisedParameterised and dataand data--driven driven hadronichadronic models (2)models (2)

γγss from 14 from 14 MeVMeV
neutron capture on neutron capture on 

UrUr
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TheoryTheory--driven modelsdriven models
Complementary and alternative models
Evaporation phase

Low energy range O(100 MeV): pre-equilibrium
Intermediate energy range, O(100 MeV) to O(5 GeV): intra-nuclear transport
High energy range: hadronic generator régime

Bertini cascade model: 
pion production from 730 MeV proton on 

Carbon 

G4QGSModel: differential pion yields in 
pion-Mg



John Womersley

Nature, July 1984



John Womersley

Top at UA1Top at UA1

• Associated Production of an isolated, large transverse momentum lepton 

(electron or muon) and two jets at the CERNpp Collider
G. Arnison et al., Phys. Lett. 147B, 493 (1984)

• Looking for

pp →→→→ W
|→→→→ b t

|→→→→ blνννν

• Signature is isolated lepton

plus MET and two jets 

– Mass (jlνννν) should peak at mt

– Mass (jjlνννν) should peak at mW

ˡ→
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What they foundWhat they found

6 events observed

0.5 expected

JW (a young, naïve student):

“This looks pretty convincing!”

My advisor (older and wiser):

“Not necessarily…”



John Womersley

Hard to get m(lνj1j2) below 
m(lνj2) + 8 GeV
(since pT

j1 > 8 GeV)

Hard to get m(lνj2) below 24 GeV
(since pT

l > 12 GeV )

In fact 30–50 GeV is typical for 
events just passing the pT cuts



John Womersley

The moralThe moral

• If the kinematic cuts tend to make events lie in the region where you 

expect the signal, you are really doing a “counting experiment” which 

depends on absolute knowledge of backgrounds

• UA1 claim was later retracted after analysis of more data and better 

understanding of the backgrounds (J/ψψψψ, Y, bb and cc)

– In fairness, the knowledge of heavy flavor cross sections and the 

calculational toolkit available at that time were much less complete 

– Final limits from UA2 (UA1): mt > 69 (60) GeV

x =

efficiency background peak




