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1. (Monday) Introduction and Overview; Monte Carlo Techniques

2. (Monday) Matrix Elements; Parton Showers I

3. (yesterday) Parton Showers II; Matching Issues

4. (yesterday) Multiple Parton–Parton Interactions

5. (today) Hadronization and Decays; Generator Status



Event Physics Overview

Repetition: from the “simple” to the “complex”,
or from “calculable” at large virtualities to “modelled” at small

Matrix elements (ME) :

1) Hard subprocess:
jMj 2, Breit-Wigners,

parton densities.
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2) Resonance decays:
includes correlations.
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Parton Showers (PS) :

3) Final-state parton showers.

q ! qg

g ! gg

g ! qq

q ! q

4) Initial-state parton showers.
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5) Multiple parton–parton
interactions.

6) Beam remnants,
with colour connections.
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5) + 6) = Underlying Event

7) Hadronization

c

g

g

b

D �
s

� 0

n

�

� +

K ��

�

K +

� �

B 0

8) Ordinary decays :
hadronic, � , charm, . . .
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Hadronization/Fragmentation models

Perturbative ! nonperturbative = ) not calculable from �rst principles!

Model building = ideology + “cookbook”

Common approaches:

1) String Fragmentation
(most ideological)

2) Cluster Fragmentation
(simplest?)

3) Independent Fragmentation
(most cookbook)

4) Local Parton–Hadron Duality
(limited applicability)

Best studied in
e+ e� !  � =Z 0 ! qq
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The Lund String Model

In QED, �eld lines go all the way to in�nity
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since photons cannot interact with each other.

Potential is simply additive:

V ( x) /
X

i

1

jx � x i j



In QCD, for large charge separation, �eld lines seem to be
compressed to tubelike region(s) ) string(s)
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by self-interactions among soft gluons in the “vacuum”.

(Non-trivial ground state with quark and gluon “condensates”.
Analogy: vortex lines in type II superconductor)

Gives linear con�nement with string tension:
F ( r ) � const = � � 1 GeV =fm () V ( r ) � �r

Separation of transverse and longitudinal degrees of freedom
) simple description as 1+1-dimensional object – string –

with Lorentz invariant formalism



Linear con�menent con�rmed e.g. by quenched lattice QCD

String tension

V ( r )

r

linear part

Coulomb part

total

V ( r ) � �
4

3

� s

r
+ �r � �

0:13

r
+ r

(for � s � 0:5, r in fm and V in GeV)
V (0 :4 fm) � 0: Coulomb important for internal structure of hadrons,

not for particle production (?)



Real world (??, or at least unquenched lattice QCD)
= ) nonperturbative string breakings gg : : : ! qq

V ( r )

r

quenched QCD

full QCD

Coulomb part

simpli�ed colour
representation:
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Repeat for large system ) Lund model
which neglects Coulomb part:
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Motion of quarks and antiquarks in a qq system:

z

tqq

gives simple but powerful picture of hadron production
(with extensions to massive quarks, baryons, . . . )



How does the string break?

q qq0q0

m? q0 = 0

q qq0q0

d = m? q=�
m? q0 > 0

String breaking modelled by tunneling:

P / exp
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1) common Gaussian p? spectrum
2) suppression of heavy quarks uu : dd : ss : cc � 1 : 1 : 0 :3 : 10 � 11

3) diquark � antiquark ) simple model for baryon production

Hadron composition also depends on spin probabilities, hadronic wave
functions, phase space, more complicated baryon production, . . .

) “moderate” predictivity (many parameters!)



Fragmentation starts in the middle and spreads outwards:

z

tqq m2
?

m2
?

1
2

but breakup vertices causally disconnected
) can proceed in arbitrary order
) left–right symmetry

P (1 ; 2) = P (1) � P (1 ! 2)

= P (2) � P (2 ! 1)

) Lund symmetric fragmentation function
f ( z) / (1 � z) a exp( � bm2

? =z) =z  0

 0.5

 1

 1.5

 2

 2.5

 3

 0  0.2  0.4  0.6  0.8  1

f(z), a = 0.5, b= 0.7

mT
2 = 0.25
mT

2 = 1
mT

2 = 4



The iterative ansatz

q1q1

q2q2

q3q3

q0; p? 0; p+ q0q1; p? 0 � p? 1; z1p+

q1q2; p? 1 � p? 2; z2(1 � z1) p+

q2q3; p? 2 � p? 3; z3(1 � z2)(1 � z1) p+

and so on until joining in the middle of the event

Scaling in lightcone p� = E � pz (for qq system along z axis)
implies �at central rapidity plateau + some endpoint effect s:

y

dn=dy

hnch i � c0 + c1 ln Ecm , � Poissonian multiplicity distribution



The Lund gluon picture

q (r )

g (r b) The most characteristic feature of the Lund model

q (b)

snapshots of string position

strings stretched
from q (or qq) endpoint
via a number of gluons
to q (or qq ) endpoint

Gluon = kink on string, carrying energy and momentum
Force ratio gluon/ quark = 2, cf. QCD NC=CF = 9 =4, ! 2 for NC ! 1

No new parameters introduced for gluon jets!, so:
� Few parameters to describe energy-momentum structure!

� Many parameters to describe �avour composition!



Independent fragmentation

Based on a similar iterative ansatz as string, but

q

q

g

= q +

q

+

g

+
minor

corrections

in middle

String effect
(JADE, 1980)
� coherence in
nonperturbative
context

Further numerous and detailed tests at LEP favour string picture . . .
. . . but much is still uncertain when moving to hadron colliders.



The HERWIG Cluster Model

“Precon�nement”:
colour �ow is local
in coherent shower evolution

HERWIG Basics

Event structure

P a rton sho w ers and cluster hadronization mo del
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{ T yp eset b y F oil T

E

X { 1

Cluster mass sp ectrum is universal

{ T yp eset b y F oil T

E

X { 2

1) Introduce forced g ! qq branchings
2) Form colour singlet clusters

3) Clusters decay isotropically to 2 hadrons according to
phase space weight � (2 s1 + 1)(2 s2 + 1)(2 p� =m)

simple and clean, but . . .



1) Tail to very large-mass clusters (e.g. if no emission in shower);
if large-mass cluster ! 2 hadrons then
incorrect hadron momentum spectrum, crazy four-jet events
= ) split big cluster into 2 smaller along “string” direction;
daughter-mass spectrum ) iterate if required;
� 15% of primary clusters are split, but give � 50% of �nal hadrons

2) Isotropic baryon decay inside cluster
= ) splittings g ! qq + q q

3) Too soft charm/bottom spectra
= ) anisotropic leading-cluster decay

4) Charge correlations still problematic
= ) all clusters anisotropic (?)

5) Sensitivity to particle content
= ) only include complete multiplets



String vs. Cluster
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program PYTHIA HERWIG
model string cluster
energy–momentum picture powerful simple

predictive unpredictive
parameters few many
�avour composition messy simple

unpredictive in-between
parameters many few

“There ain't no such thing as a parameter-free good description”



Local Parton–Hadron Duality

Analytic approach:
Run shower down to to Q � � QCD
(or mhadron , if larger)

“Hard Line”: each parton � one hadron

“Soft Line”: local hadron density
/ parton density

describes momentum spectra dn=dxp

and semi-inclusive particle �ow,
but fails for identi�ed particles

+ “renormalons” (power corrections)
h1 � T i = a � s( Ecm ) + b � 2

s ( Ecm )
+ c=Ecm

ar
bi

tr
ar
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un

its

Ecm MGeVN
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O(as
2)+1/Q O(as

2)*MC corr.
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25 50 75 100 125 150 175 200

Not Monte Carlo, not for arbitrary quantities



Decays

Unspectacular/ungrateful but necessary:
this is where most of the �nal-state particles are produced!
Involves hundreds of particle kinds and thousands of decay modes.
e.g.

B � 0



B 0 ! B 0

D � +

� e

e�

� +

D 0

K �

� +
� +

� 0
e+

e�



� B � 0 ! B 0  : electromagnetic decay
� B 0 ! B 0 mixing (weak)
� B 0 ! D � + � ee� : weak decay, displaced vertex, jMj 2 / ( pB p� )( pepD � )
� D � + ! D 0 � + : strong decay
� D 0 ! � + K � : weak decay, displaced vertex, � mass smeared
� � + ! � + � 0: � polarized, jMj 2 / cos2 � in � rest frame
� � 0 ! e+ e�  : Dalitz decay, m(e + e� ) peaked

Dedicated programs, with special attention to polarization effects:
� EVTGEN: B decays
� TAUOLA: � decays



Jet Universality

Question: are jets the same in all processes?
Answer 1: no, at LEP mainly quarks jets, often b=c,

at LHC mainly gluons, if quarks then mainly u=d.
Answer 2: no, perturbative evolution gives calculable differences.



MC4LHC Workshop
July 17-26, 2006

Rick Field – Florida/CDF Page 5

Distribution of ParticlesDistribution of Particles
in Quark and Gluon Jetsin Quark and Gluon Jets

Momentum distribution of charged particles in gluon jets. HERWIG 5.6 predictions are in a
good agreement with CDF data. PYTHIA 6.115 produces slightly more particles in the region
around the peak of distribution.

x = 0.37  0.14  0.05  0.02  0.007

Momentum distribution of charged particles in quark jets. Both HERWIG and PYTHIA
produce more particles in the central region of distribution.

pchg = 2 GeV/c

Both PYTHIA and HERWIG
predict more charged particles
than the data for quark jets!

CDF Run 1 Analysis
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Event Generator Developments



MCnet

� “Trade Union” of (QCD) Event Generator developers �
� Collects HERWIG, SHERPA and PYTHIA �

� Also ThePEG, ARIADNE, VINCIA, . . . �
� Also generator validation (RIVET) and tuning (PROFESSOR) �

(CERN, Durham, Lund, Karlsruhe, UC London, + associated)

� Funded by EU Marie Curie training network 2007–2010 �
� 4 postdocs & 2 graduate students: generator development and tuning �

� MCnet studentships for short-term visits: winding down �

� Annual Monte Carlo school: �
Durham, UK, 18 – 20 April 2007

CTEQ – MCnet, Debrecen, Hungary, 8 – 16 August 2008
Lund, Sweden, 1 – 4 July 2009
CTEQ – MCnet, here and now

Manchester, UK, 2011 (?)
+ Lectures on QCD & Generators at many other schools +



The workhorses: what are the differences?

HERWIG, PYTHIA and SHERPA intend to offer a convenient framework
for LHC physics studies, but with slightly different emphasis:

PYTHIA (successor to JETSET, begun in 1978):
� originated in hadronization studies: the Lund string
� leading in development of multiple parton interactions
� pragmatic attitude to showers & matching

HERWIG (successor to EARWIG, begun in 1984):
� originated in coherent-shower studies (angular ordering)
� cluster hadronization & underlying event pragmatic add-on
� large process library with spin correlations in decays

SHERPA (APACIC++/AMEGIC++, begun in 2000):
� own matrix-element calculator/generator
� extensive machinery for CKKW matching to showers
� hadronization & min-bias physics under development

PYTHIA & HERWIG originally in Fortran, SHERPA in C++ from onset
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VINCIA: towards NLO showers

Simple shower formalism based on 2 ! 3 antenna factorization for arbi-
trary evolution variables, recoil maps, radiation kernels, etc.

Matching = cancel dependence on free parameters to given order
+ Exponentiate matching = Use subleading logs in ME to improve resummation in-

stead of destroying it (currently no “matching scale” needed before � 3
s � Born )

+ Improve Shower = No dead zones, Markov Ordering (+ partial NLL matching)

Tree-Level expansion vs MadGraph (�at phase-space scan, full color):
(Narrow distributions = good logarithmic precision)
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Pure shower
< VINCIA> =
jM 4 j2 � 8%

jM 5 j2 � 20%
jM 6 j2 � 25%

(+ can do
matching, up

through Z ! 6
is already in)

Current Version = 1.021: massless FSR (�rst public release S ep 2009).

� Short Term: Long writeup (shower + tree-matching + LEP Pheno study)

� This Summer: Massive quarks (with M. Ritzmann, A. Gehrmann-de-Ridder)

� Long Term: Initial-State Radiation and multijet 1-loop matching.



!""#$% &
'()*)+, -./ !00

12*3((4

567 (38 '()*)+, -7).9(,
567 ,7: !00 -7).9(,
;<=>?

!"##$%& '&(&"' )* + ,-+./0

! !(@A37*73B )7:)9**7, 9,!"" 2.9,C 5DE=EF
G@+9, :()4 HB I93. %+-7..(,J

! K3@(.* +33 L(@A(,7,*. +)7 9, A3+L7
! >9@A37!""#G%J @+*L69,C
! ! ! " .A39**9,C 9,L32878
! >*)9,C M)+C@7,*+*9(, :9*6 =?5D<KN
! O+398+*78 M()! ! ! !

! P(89Q78 @(873 M() 9,9*9+3$.*+*7 )+89+*9(, :9*6(2* )7L(93
C32(,. ,77878/

KR<K;IE ST %79M %U,,H3+8 %2,8 V,9-7).9*B



!""#$% &
'()*)+, -./ !00

12*3((4

!"#$%%&

5 6(7839*93: ,9; +,< 89)=96* !00 >783979,*+*>(, (= 5 ?@5ABC

;>*D +2*(7+*>6 *)99$39-93 +,< B%1 79)E>,EF ;D>6D 89)=96*3:
<9.6)>G9. +33 <+*+ +. >* 6(79. (2* (= %H!F ;>33 G9 +-+>3+G39 +,<
=233: <(6279,*9< G: *D9 IJ*D (= K2,9 LJMM/

5?@5ABC MI %9>= %N,,G3+< %2,< O,>-9).>*:



!!"#$%&'(#)*+)*,-(#.)/0!)#12345&266(#78".319:#7;<;

)*+)*,-#=3659#2>2?2&@6
)*+)*,-#2>2?2&@6#312A

.3@15B#->2?2&@6A#

! #C&#6:2>>DCEE#6:2>>

F,G6

! #%&5&@2'13@24#F,G6

F31@C&#+:CH21

! #3&'%>31#C14215&'#I))G.J

F1C@C&#12?&3&@(#K&3>#6@3@2#F+#3&4#
:341C&5L3@5C&#:3&4>24#=M#6@3&4314#
:341C&5L3@5C&#N1C'13?A#FOP! Q* #

! ! "" ! #"# # $ $ %
!

%&! !

&! !

%&! "

&! "

!
%" ' "! %" ' "" &! !&() ' " ) "#$

" &! ! # !&! ! ) ' "! ) "#$&! " # !&! " ) ' "" ) "#$



!"!"#$%&'(#)*+)*,-(#.)/0!)#12345&266(#78".319:#7;<;

=%>?@@A#B#C%>%12#
D@12#E1@926626#>@#F2#5DE?2D2&>24G

5&9?%42#3??#H),#3?6@#C@1#?31'2#I#3&4#92&>13?#12'5@&#

&224#@CCJ6:2??#.-#3&4#K%31A#%L,M6

D@12#@&#,N

3?6@#C@1#92&>13?#12'5@&

D@12#@C#!5''6#JJJJ#OPM#

D@12#@&#=&5%D#E1@4%9>5@&

6E224#%E#5&5>53?#E31>@&#6:@Q21#R*"#S12F2&T%AU

""""

D3V@1#12Q15>2#@C#) * +) * , - G

>@#F2#E31>#@C#W:2L-SJXP)X#C@1#'2&213>@16#F2T@&4#9@??5&231#
C39>@15Y3>5@&#R."#Z132D21U



!! ! ! !
! ! " "#$ %&'

()* +,- .,/0
1234,/ ! #" 5! ! -&6 37-&
1234,/ ! #" 5 37-& 1&879,/"
1234,/ ! #" 5 :;<:= 37-&

#$" "

#$" %

#$" &

#$" #

#
" >4 /3

#
# ! ?@" %&'

!A
"

B
"

A
B

"
>

4

$ ' #$ #' &$ &'

$#!

$#(

#

##&

##"

" >4

C
(A

B
/3

/

! !"#$%&'& (#" )' *+,$'+'"-'. *" /*0'-
#". #,,$*'. -1 23

! 4&'& 5',23 ! 6'"'7#-178*".','".'"-9
,'7:'(- :17 (1+,#7*&1"&

! 2#"% ;'% #"#$%&'& #7' #$7'#.%
*+,$'+'"-'.< +#"% +17' -1 (1+'=

! >+,17-#"- :17 ;'',*"6 %1?7 .#-# #$*0'@
A?)$*&B %1?7 "?+)'7& (177'(-'. -1
B#.71" $'0'$ #". *+,$'+'"- %1?7
#"#$%&*& *" /*0'-=

!"#$%

C11$ :17 6'"'7#-17 0#$*.#-*1" #". (1+,#7*&1"& D*-B .#-#@

/*0'- E?". 23"'- F(B11$9 G H?$% IJJK L

� Professor: smart exploration of parameter space for tuning

(borrowed from Hendrik Hoeth)
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Outlook

Generators in state of continuous development:

? better & more user-friendly general-purpose
matrix element calculators+integrators ?

? new libraries of physics processes, also to NLO ?

? more precise parton showers ?

? better matching matrix elements , showers ?

? improved models for underlying events / minimum bias ?

? upgrades of hadronization and decays ?

? moving to C++ ?

) always better, but never enough

But what are the alternatives, when event structures are complicated
and analytical methods inadequate?



Final words

“Good,” said the First Speaker. “And tell me, what do you think of all this.
A �nished work of art, is it not?”
“De�nitely!”
“Wrong! It is not.” This, with sharpness. “It is the �rst less on you must
unlearn. The Seldon Plan is neither complete nor correct. Instead it is
merely the best that could be done at the time.”

— And Now You Don't (Second Foundation), Isaac Asimov, 1949

But it often happens that the physics simulations provided by the Monte
Carlo generators carry the authority of data itself. They look like data and
feel like data, and if one is not careful they are accepted as if they were
data.

J.D. Bjorken
from a talk given at the 75th anniversary celebration of the Max-Planck Institute of Physics, Munich,

Germany, December 10th, 1992. As quoted in: Beam Line, Winter 1992, Vol. 22, No. 4



Appendix: The Generator Exercises

Today: familiarize yourself with the generators standalone.
Pick either of HERWIG, PYTHIA or SHERPA,
and work through exercises (worksheets will be available).
When/if you feel you know enough, go on to another generator.

Friday: study production of Z + jets, comparing with RIVET data.
Combine in groups to share work,
and collect results for physics comparisons.

Monday: study minimum-bias and underlying-event models,
again compared with RIVET data, and again in groups.

Further instructions to follow in beginning of each session.


