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Structure of LHC Events 

1.  Hard process 

2.  Parton shower 

3.  Hadronization 

4.  Underlying event 

5.  Unstable particle 
decays 
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Intro to Monte Carlo Event Generators 

1.  Monte Carlo technique / hard process 
2.  Parton showers 
3.  Hadronization 
4.  Underlying Event / Soft Inclusive Models 
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Hadronization: Introduction 

Partons are not physical 
particles:  they cannot 
freely propagate. 

Hadrons are. 
 
Need a model of partons' 

confinement into hadrons: 
hadronization. 

1.  Phenomenological 
models. 

2.  Confinement. 
3.  The string model. 
4.  Preconfinement. 
5.  The cluster model. 
6.  Secondary decays. 
7.  Underlying event 

models. 
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Jet production in e+e–  hadrons 
•  Most e+e– events consist of two back-to-back jets 

Y

XZ

   200 .  cm.   

Cen t r e  o f  sc r een  i s  (    0 . 0000 ,    0 . 0000 ,    0 . 0000 )         

50  GeV2010 5

 Run : even t  4093 :   1000   Da t e  930527  T ime   20716                                  
 Ebeam 45 . 658  Ev i s   99 . 9  Emi ss   - 8 . 6  V t x  (   - 0 . 07 ,    0 . 06 ,   - 0 . 80 )               
 Bz=4 . 350   Th r us t =0 . 9873  Ap l an=0 . 0017  Ob l a t =0 . 0248  Sphe r =0 . 0073                  

C t r k (N=  39  Sump=  73 . 3 )  Eca l (N=  25  SumE=  32 . 6 )  Hca l (N=22  SumE=  22 . 6 )  
Muon (N=   0 )  Sec  V t x (N=  3 )  Fde t (N=  0  SumE=   0 . 0 )  
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Phenomenological Models 

Experimentally,                two jets: 
Flat rapidity plateau 

 
and limited  
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Estimate of Hadronization Effects 

Using this model, can estimate hadronization correction to 
perturbative quantities. 

 

Jet energy and momentum: 
 
 
 
 

with                                     mean transverse momentum. 
Estimate from Fermi motion 
 

Jet acquires non-perturbative mass: 
Large: ~ 10 GeV for 100 GeV jets. 
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Independent Fragmentation Model (“Feynman—Field”) 

Direct implementation of the above. 
 

Longitudinal momentum distribution = arbitrary 
fragmentation function: parameterization of data. 

Transverse momentum distribution = Gaussian. 
 

Recursively apply  
Hook up remaining soft    and 
 

Strongly frame dependent. 
No obvious relation with perturbative emission. 
Not infrared safe. 
Not a model of confinement. 
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Confinement 
Asymptotic freedom:        becomes increasingly QED-like at 

short distances. 
 
 

QED: 
 
 

but at long distances, gluon self-interaction makes field 
lines attract each other: 

 
QCD: 
 
linear potential  confinement 

+ 
– + – 
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Interquark potential 
Can measure from 

quarkonia spectra: 
or from lattice QCD: 
 
 
 
 
 
 
 
 
 

 String tension 
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Light quarks connected by string. 
L=0 mesons only have ‘yo-yo’ modes: 
 
 
 
 
 
 
 
 
Obeys area law: 

String Model of Mesons 

x 

t 
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The Lund String Model 
Start by ignoring gluon radiation: 

       annihilation = pointlike source of       pairs 
 

Intense chromomagnetic field within string       pairs 
created by tunnelling.  Analogy with QED: 

 
 

Expanding string breaks into mesons long before yo-yo point. 
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Lund Symmetric Fragmentation Function 

String picture  constraints on fragmentation function: 
•  Lorentz invariance 
•  Acausality 
•  Left—right symmetry 

 
     adjustable parameters for quarks     and 

 

Fermi motion  Gaussian transverse momentum. 
Tunnelling probability becomes 
 
 

    and         = main tuneable parameters of model 
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So far: string model = motivated, constrained independent 
fragmentation! 

New feature: universal 
Gluon = kink on string  the string effect 
 
 
 
 
 
 

Infrared safe matching with parton shower: gluons with 
  inverse string width irrelevant. 

Three-jet Events 
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Jet production in e+e–  hadrons 
•  Most e+e– events consist of two back-to-back jets 
•  But some consist of three (or more) jets  gluons 

Y

XZ

   200 .  cm.   

Cen t r e  o f  sc r een  i s  (    0 . 0000 ,    0 . 0000 ,    0 . 0000 )         

50  GeV2010 5

 Run : even t  4093 :   1000   Da t e  930527  T ime   20716                                  
 Ebeam 45 . 658  Ev i s   99 . 9  Emi ss   - 8 . 6  V t x  (   - 0 . 07 ,    0 . 06 ,   - 0 . 80 )               
 Bz=4 . 350   Th r us t =0 . 9873  Ap l an=0 . 0017  Ob l a t =0 . 0248  Sphe r =0 . 0073                  

C t r k (N=  39  Sump=  73 . 3 )  Eca l (N=  25  SumE=  32 . 6 )  Hca l (N=22  SumE=  22 . 6 )  
Muon (N=   0 )  Sec  V t x (N=  3 )  Fde t (N=  0  SumE=   0 . 0 )  

Y

XZ

   200 .  cm.   

Cen t r e  o f  sc r een  i s  (    0 . 0000 ,    0 . 0000 ,    0 . 0000 )         

50  GeV2010 5

 Run : even t  2542 :  63750   Da t e  911014  T ime   35925                                  
 Ebeam 45 . 609  Ev i s   86 . 2  Emi ss    5 . 0  V t x  (   - 0 . 05 ,    0 . 12 ,   - 0 . 90 )               
 Bz=4 . 350   Th r us t =0 . 8223  Ap l an=0 . 0120  Ob l a t =0 . 3338  Sphe r =0 . 2463                  

C t r k (N=  28  Sump=  42 . 1 )  Eca l (N=  42  SumE=  59 . 8 )  Hca l (N=  8  SumE=  12 . 7 )  
Muon (N=   1 )  Sec  V t x (N=  0 )  Fde t (N=  2  SumE=   0 . 0 )  
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String Summary 

•  String model strongly physically motivated. 
•  Very successful fit to data. 
•  Universal: fitted to           little freedom elsewhere. 

•  How does motivation translate to prediction? 
 ~ one free parameter per hadron/effect! 

 
•  Blankets too much perturbative information? 

•  Can we get by with a simpler model? 
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Preconfinement 
Planar approximation: gluon = colour—anticolour pair. 
 

Follow colour structure of parton shower: colour-singlet 
pairs end up close in phase space 

 
 
 
 
 
Mass spectrum of colour-singlet pairs asymptotically 

independent of energy, production mechanism, … 
Peaked at low mass 
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Cluster mass distribution 
•  Independent of shower scale Q 

–  depends on Q0 and Λ 



Event Generators 2 Mike Seymour 

The Naïve Cluster Model 
Project colour singlets onto continuum of high-mass 

mesonic resonances (=clusters).  Decay to lighter well-
known resonances and stable hadrons. 

 

Assume spin information washed out: 
 decay = pure phase space. 

 

 heavier hadrons suppressed 
 baryon & strangeness suppression ‘for free’ (i.e. 

untuneable). 

Hadron-level properties fully determined by cluster mass 
spectrum, i.e. by perturbative parameters. 

      crucial parameter of model. 
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Although cluster mass spectrum peaked at small m, broad 
tail at high m. 

 

“Small fraction of clusters too heavy for isotropic two-body 
decay to be a good approximation”. 

Longitudinal cluster fission: 
 
 
 
 
Rather string-like. 
Fission threshold becomes crucial parameter. 
~15% of primary clusters get split but ~50% of hadrons come from them. 

The Cluster Model 
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The Cluster Model 
“Leading hadrons are too soft” 
 

 ‘perturbative’ quarks remember their direction somewhat 

Rather string-like. 
 

Extra adjustable parameter. 
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Strings 
“Hadrons are produced by 

hadronization: you must 
get the non-perturbative 
dynamics right” 

Improving data has meant 
successively refining 
perturbative phase of 
evolution… 

Clusters 
“Get the perturbative phase 

right and any old 
hadronization model will 
be good enough” 

Improving data has meant 
successively making non-
perturbative phase more 
string-like… 

??? 
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Universality of Hadronization Parameters 
•  Is guaranteed by preconfinement: do not need to retune 

at each energy 

 Only tune what’s new in hadron—hadron collisions 
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Structure of LHC Events 

1.  Hard process 

2.  Parton shower 

3.  Hadronization 

4.  Underlying event 

5.  Unstable particle 
decays 
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Secondary Decays and Decay Tables 

•  Often forgotten ingredient of event generators: 
–  String and cluster decay to some stable hadrons but mainly 

unstable resonances 
–  These decay further “according to PDG data tables” 

•  Matrix elements for n-body decays 
–  But… 

•  Not all resonances in a given multiplet have been measured 
•  Measured branching fractions rarely add up to 100% exactly 
•  Measured branching fractions rarely respect isospin exactly 

–  So need to make a lot of choices 
–  Has a significant effect on hadron yields, transverse momentum 

release, hadronization corrections to event shapes, … 
–  Should consider the decay table choice part of the tuned set 



Secondary particle decays 

•  Previous generations typically used external 
packages, e.g. TAUOLA, PHOTOS, EVTGEN 

•  Sherpa & Herwig++ contain at least as complete 
a description in all areas… 

•  without interfacing issues (c.f. τ spin) 
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Tau Decays 

Mass spectrum of ππ in τππντ for various models and example of 
mass distribution in τ5πντ comparing Herwig++ and TAUOLA. 
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DKππ	



Comparison of Herwig++ and EvtGen implementations of the fit of 
Phys. Rev. D63 (2001) 092001 (CLEO). 
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Structure of LHC Events 

1.  Hard process 

2.  Parton shower 

3.  Hadronization 

4.  Underlying event 

5.  Unstable particle 
decays 
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The Underlying Event 
•  Protons are extended objects 
•  After a parton has been scattered out of each, what 

happens to the remnants? 

 

Two models: 
•  Non-perturbative: 
•  Perturbative: 

Soft parton—parton cross section is so large that the 
remnants always undergo a soft collision. 

‘Hard’ parton—parton cross section huge at low pt, high energy, 
dominates inelastic cross section and is calculable. 
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The Basics: event classes 

‘Minimum bias’ collision and underlying event 
 
 
 
 
 
 
Minimum bias = experimental statement 
Models = zero bias? i.e. inclusive sample of all inelastic 

(non-diffractive?) events 
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The Basics: event classes 
‘Soft inclusive’ events and the underlying event 
 
 
 
 
 
 
How similar are they? 
Fluctuations and correlations play crucial role 
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Fluctuations and correlations 

log σ	



pt 

Steep distribution ) 
small sideways shift = 
large vertical 

Rare fluctuations can 
have a huge influence 

1/ptn → nth moment 

) corrections depend 
on physics process 



The Basics – what’s what 

•  Soft inclusive collisions… 

•  Underlying event… 
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What is minimum bias?
≈ “all events, with no bias from restricted trigger conditions”
σtot = σelastic+σsingle−diffractive+σdouble−diffractive+. . .+σnon−diffractive

y

dn/dy

reality: σmin−bias ≈ σnon−diffractive+σdouble−diffractive ≈ 2/3 × σtot

What is underlying event?

y

dn/dy

underlying event

jet

pedestal height

What is minimum bias?
≈ “all events, with no bias from restricted trigger conditions”
σtot = σelastic+σsingle−diffractive+σdouble−diffractive+. . .+σnon−diffractive

y

dn/dy

reality: σmin−bias ≈ σnon−diffractive+σdouble−diffractive ≈ 2/3 × σtot

What is underlying event?

y

dn/dy

underlying event

jet

pedestal height



For small pt min and high energy inclusive parton—parton 
cross section is larger than total proton—proton cross 
section. 
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The Basics: Multiparton Interaction Model 



Event Generators 2 Mike Seymour 

The Basics: Multiparton Interaction Model 
For small pt min and high energy inclusive parton—parton 

cross section is larger than total proton—proton cross 
section. 

 More than one parton—parton scatter per proton—proton 

Need a model of spatial distribution within proton 
 Perturbation theory gives you n-scatter distributions 

Sjöstrand, van Zijl, 
Phys. Rev. D36 
(1987) 2019   
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Matter Distributions 

•  Usually assume x and b factorize 

•  and n-parton distributions are independent 

⇒ scatters Poissonian at fixed impact parameter 
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Colour correlations 

Can have a big 
influence on final 
states 

→ see later 
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The Herwig++ Model (formerly known as Jimmy+Ivan) 

•  Take eikonal+partonic scattering seriously 

•  given form of matter distribution ⇒ size and ¾inc 

•  too restrictive ⇒ 

•  ⇒ two free parameters 

Bähr, Butterworth & MHS, JHEP 0901:067, 2009 
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Final state implementation 

•  Pure independent perturbative scatters above PTMIN 

•  Gluonic scattering below PTMIN with total σsoft,inc     
and Gaussian distribution in pt 

•  dσ/dpt continuous at PTMIN 

→  possibility that entire 
process could be described 
perturbatively? 

pt 



Pythia implementation 
(4) Evolution interleaved with ISR (2004)
• Transverse-momentum-ordered showers
dP

dp⊥
=

(

dPMI

dp⊥
+
∑ dPISR

dp⊥

)

exp

(

−
∫ p⊥i−1

p⊥

(

dPMI

dp′⊥
+
∑ dPISR

dp′⊥

)

dp′⊥

)

with ISR sum over all previous MI

interaction
number

p⊥

p⊥max

p⊥min

hard int.

1

p⊥1

mult. int.

2

mult. int.

3

p⊥2

p⊥3

ISR

ISR

ISR

p′
⊥1

(5) Rescattering (in progress)

is 3 → 3 instead of 4 → 4:
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Underlying event measurements 

Jet pedestal effect

Events with hard scale (jet, W/Z, . . . ) have more underlying activity!
Events with n interactions have n chances that one of them is hard,
so “trigger bias”: hard scale⇒ central collision
⇒ more interactions⇒ larger underlying activity.
Centrality effect saturates at p⊥hard ∼ 10 GeV.

Studied in detail by Rick Field, comparing with CDF data:
“MAX/MIN Transverse” Densities 

Define the MAX and MIN “transverse” regions on an event-by-event basis with 
MAX (MIN) having the largest (smallest) density. 
The “transMIN” region is very sensitive to the “beam-beam remnant” and 

Jet #1 Direction

“Toward”

“TransMAX” “TransMIN”

“Away” 

Jet #1 Direction 

“TransMAX” “TransMIN”

“Toward”

“Away” 

“Toward-Side” Jet

“Away-Side” Jet

Jet #3

“TransMIN” very sensitive to 
the “beam-beam remnants”! 
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Underlying event measurements 
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Rick Field     December 1, 2004 

Leading Jet: “MAX & MIN Transverse” Densities 
   PYTHIA Tune A                       HERWIG 

"MAX/MIN Transverse" Charge Density: dN/d d

0.0

0.4

0.8

1.2

1.6

0 50 100 150 200 250

ET(jet#1)   (GeV)

"T
ra

ns
ve

rs
e"

 C
h

ar
g

e 
D

en
si

ty
 CDF Preliminary

data uncorrected
theory + CDFSIM

PYTHIA Tune A 1.96 TeV

Charged Particles (| |<1.0, PT>0.5 GeV/c) 

"MAX"

"MIN"

"AVE"

Leading Jet

"MAX/MIN Transverse" Charge Density: dN/d d

0.0

0.4

0.8

1.2

1.6

0 50 100 150 200 250

ET(jet#1)   (GeV)

"T
ra

ns
ve

rs
e"

 C
h

ar
g

e 
D

en
si

ty
 CDF Preliminary

data uncorrected
theory + CDFSIM

HERWIG 1.96 TeV

Charged Particles (| |<1.0, PT>0.5 GeV/c) 

"MAX"

"MIN"

"AVE"

Leading Jet

"MAX/MIN Transverse" PTsum Density: dPT/d d

0.0

0.5

1.0

1.5

2.0

2.5

0 50 100 150 200 250

ET(jet#1)   (GeV)

"T
ra

n
sv

er
se

" 
P

T
su

m
 D

en
si

ty
 (

G
eV

/c
) 

CDF Preliminary
data uncorrected
theory + CDFSIM

PYTHIA Tune A 1.96 TeV

Charged Particles (| |<1.0, PT>0.5 GeV/c) 

"MAX"

"MIN"

"AVE"

Leading Jet

"MAX/MIN Transverse" PTsum Density: dPT/d d

0.0

0.5

1.0

1.5

2.0

2.5

0 50 100 150 200 250

ET(jet#1)   (GeV)

"T
ra

n
sv

er
se

" 
P

T
su

m
 D

en
si

ty
 (

G
eV

/c
) 

CDF Preliminary
data uncorrected
theory + CDFSIM

HERWIG 1.96 TeV

Charged Particles (| |<1.0, PT>0.5 GeV/c) 

"MAX"

"MIN"

"AVE"

Leading Jet

Charged particle density and PTsum density for “leading jet” events versus ET(jet#1)  for PYTHIA Tune A and HERWIG. 
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Conclusions on UE/MB 
•  Despite ~25 year history, multi-parton interaction 

models are still in their infancy 
•  LHC experiments’ 

–  step up in energy 
–  high efficiency, purity and phase space coverage 
–  emphasis on physical definition of observables 

 have given us a huge amount of useful data 
•  existing models describe data well with tuning 
•  need more understanding of correlations/corners 

of phase space/relations between different 
model components 
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Conclusions on UE/MB 

•  don’t forget that jet corrections depend on 
correlations and high moments of distributions 
and are physics-process dependent 
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Summary 

•  Hard Process is very well understood: firm perturbative 
basis 

•  Parton Shower is fairly well understood: perturbative 
basis, with various approximations 

•  Hadronization is less well understood: modelled, but well 
constrained by data.  Extrapolation to LHC ~ reliable. 

•  Underlying event least understood: modelled and only 
weakly constrained by existing data.  Extrapolation? 

•  Always ask “What physics is dominating my effect?” 



training studentships

3-6 month fully funded studentships for current PhD 
students at one of the MCnet nodes. An excellent opportunity 
to really understand and improve the Monte Carlos you use!  

www.montecarlonet.org
for details go to:

Monte Carlo

Londo
n

CERN
Karlsru

he

LundDurha
m

Application rounds every 3 months. 

MARIE CURIE ACTIONS

funded by:
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MCnet projects 
Pythia 
Herwig 
Sherpa 

MadGraph 
Ariadne 
CEDAR 

Industry: 
blue yonder 

d-fine 
IBA 

Outreach: 
LHC@home 

Next closing: 
July 31st 


