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PYTHIA

LHC is a QCD Machine

Hard processes initiated by partons (quarks & 
gluons)

Associated with initial-state QCD corrections

Underlying event by QCD mechanisms (MPI, color flow)

Extra QCD jets, isolation, fakes → all sensitive to QCD 
corrections

2
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LHC is a QCD Machine

Hard processes initiated by partons (quarks & 
gluons)

Associated with initial-state QCD corrections

Underlying event by QCD mechanisms (MPI, color flow)

Extra QCD jets, isolation, fakes → all sensitive to QCD 
corrections

Even in BSM scenarios, production of new 
colored states often favored 

Squarks, gluinos, KK gluons, excited quarks, …

+ extra QCD jets … 
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Monte Carlo Generators

3

Improve lowest-order perturbation theory, 
by including the ‘most significant’ corrections

→ complete events (can evaluate any observable you want)

Calculate Everything ≈ solve QCD → requires compromise!

Existing Approaches

PYTHIA : Successor to JETSET (begun in 1978). Originated in hadronization studies: Lund String.
HERWIG : Successor to EARWIG (begun in 1984). Originated in coherence studies: angular ordering.
SHERPA : Begun in 2000. Originated in “matching” of matrix elements to showers: CKKW.
+ MORE SPECIALIZED: ALPGEN, MADGRAPH, ARIADNE, VINCIA, WHIZARD, MC@NLO, POWHEG, … 

Reality is more complicated
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PYTHIA anno 1978
(then called JETSET)

LU TP 78-18
November, 1978

A Monte Carlo Program for Quark Jet 
Generation

T. Sjöstrand, B. Söderberg

A Monte Carlo computer program is 
presented, that simulates the 
fragmentation of a fast parton into a 
jet of mesons. It uses an iterative 
scaling scheme and is compatible with 
the jet model of Field and Feynman.

Note: Field-Feynman was an early fragmentation model
Now superseded by the String (in PYTHIA) and 

Cluster (in HERWIG & SHERPA) models.
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LU TP 07-28 (CPC 178 (2008) 852)
October, 2007

A Brief Introduction to PYTHIA 8.1

T. Sjöstrand, S. Mrenna, P. Skands

The Pythia program is a standard tool 
for the generation of high-energy 
collisions, comprising a coherent set 
of physics models for the evolution 
from a few-body hard process to a 
complex multihadronic final state. It 
contains a library of hard processes 
and models for initial- and final-state 
parton showers, multiple parton-parton 
interactions, beam remnants, string 
fragmentation and particle decays. It 
also has a set of utilities and 
interfaces to external programs. […]

PYTHIA

5

PYTHIA anno 2012
(now called PYTHIA 8)

~ 80,000 lines of C++

• Hard Processes (internal, semi-
internal, or via Les Houches events)

• BSM (internal or via interfaces)

• PDFs (internal or via interfaces)

• Showers (internal or inherited)

• Multiple parton interactions

• Beam Remnants

• String Fragmentation

• Decays (internal or via interfaces)

• Examples and Tutorial

• Online HTML / PHP Manual

• Utilities and interfaces to 
external programs 

What a modern MC generator has inside:
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( Tr a d i t i o n a l )  M o n t e  C a r l o  G e n e r a t o r s

6

Factorization Scale

H
ad

ro
ni

za
tio

n

Perturbative Evolution
2Re

h
M (1)

H M (0)⇤
H

i

2Re
h
M (1)

H+1M
(0)⇤
H+1

i

2Re
h
M (1)

H+2M
(0)⇤
H+2

i

|M (0)
H |2

|M (0)
H+1|2

|M (0)
H+2|2

|M (0)
H+3|2

1

Collider 
Observables

Confrontation 
with DataPa

rto
n 

Sh
ow

er
s

Classi
cal 

Strings

Based on small-angle singularity of accelerated 
charges (synchrotron radiation, semi-classical)

Altarelli-Parisi Splitting Kernels
Leading Logarithms, Leading Color, …

+ Colour coherence

Leading Order,
Infinite Lifetimes,

…  
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Process
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Ambition
Cleaner code
More user-friendly
Easy interfacing
Physics Improvements

Current Status

Ready and tuned to LHC data 

Better interfaces to (B)SM 
generators via LHEF and semi-
internal processes

Improved shower model + 
interfaces to CKKW-L, 
POWHEG, and VINCIA

PYTHIA 8

Marc Montull

Sparsh Navin

MSTW, CTEQ, H1: PDFs

DELPHI, LHCb: D/B BRs

+ several bug reports & fixes

Team Members
Stefan Ask 

Richard Corke

Stephen Mrenna

Stefan Prestel

Torbjorn Sjostrand

Peter Skands

Contributors
Bertrand Bellenot

Lisa Carloni

Tomas Kasemets

Mikhail Kirsanov

Ben Lloyd
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Hard Processes

Hard Physics

Standard Model 
almost all 2→1, 2→2 

A few 2→3

BSM: a bit of everything 
(see documentation)

Perturbative Resonance Decays 

Angular correlations often included (on a 
process-by-process basis - no generic formalism)

User implementations (semi-internal resonance)
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Hard Processes

Hard Physics

Standard Model 
almost all 2→1, 2→2 

A few 2→3

BSM: a bit of everything 
(see documentation)

External Input

Les Houches Accord and 
LHEF (e.g., from MadGraph, 
CalcHEP,  AlpGen,…)

User implementations 
(semi-internal process)

Inheriting from PYTHIA’s 2→2 
base class, then modify to suit you

(+ automated in MadGraph 5)

Perturbative Resonance Decays 

Angular correlations often included (on a 
process-by-process basis - no generic formalism)

User implementations (semi-internal resonance)
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Exotic Colors

9

1. R-parity violation in SUSY

Baryon number violation (BNV) is allowed in SUSY superpotential

W
BNV

= �00
ijk

✏
abc

U
ia

D
jb

D
kc

(where ijk = generation, abc = colour).
Alternatively lepton number violation, but proton unstable if both.

�00
ijk

should not be too big,
or else large loop corrections
) relevent for LSP (Lightest
Supersymmetric Particle).

Long-lived ) secondary vertex.

What about showers and hadronization in decays?

P. Skands & TS, Nucl. Phys. B659 (2003) 243; N. Desai & P. Skands, in preparation

Torbjörn Sjöstrand QCD for BSM in PYTHIA slide 3/18
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Torbjörn Sjöstrand QCD for BSM in PYTHIA slide 3/18

Color Epsilon Topologies

Example: RPV SUSY

Dipole Showers:
Radiation pattern obtained as if 
three radiating dipoles, but with 

half normal strength

(+Sextets → two dipoles)

N. Desai & PS, 
arXiv:1109.5852.
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The junction

What string topology for 3 quarks in overall colour singlet?
One possibility is to introduce a junction (Artru, ’t Hooft, . . . ).

Junction rest frame = where string tensions T

i

= p

i

/|p
i

| balance
= 120� separation between quark directions.
This is not the CM frame where momenta p

i

balance,
but in BNV decay no collinear singularity between quarks,
so normally junction is slowly moving in LSP rest frame.

Torbjörn Sjöstrand QCD for BSM in PYTHIA slide 6/18

T. Sjöstrand & PS, Nucl. Phys. B659 (2003) 243

The Lund gluon picture

Gluon = kink on string, carrying energy and momentum

Force ratio gluon/ quark = 2,
cf. QCD N

C

/C
F

= 9/4, ! 2 for N
C

!1

Torbjörn Sjöstrand QCD for BSM in PYTHIA slide 5/18

Normal q-g-qbar string
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Torbjörn Sjöstrand QCD for BSM in PYTHIA slide 5/18

Normal q-g-qbar string

Junction hadronization

Each string piece can break,
mainly to give mesons. Always
one baryon around junction;
junction “carries” baryon
number.

Junction baryon
slow )
”smoking-gun”
signal.

Torbjörn Sjöstrand QCD for BSM in PYTHIA slide 7/18
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Hidden Valleys
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Experimental relevance

Courtesy
M. Strassler

Models only interesting if they can give observable consequences
at the LHC!

Torbjörn Sjöstrand QCD for BSM in PYTHIA slide 14/18

3. Hidden Valleys: motivation

M. Strassler, K. Zurek, Phys. Lett. B651 (2007) 374; . . .
Many BSM models contain new sectors
(= new gauge groups and matter content).
These new sectors may decouple from our own at low energy:

Hidden Valleys (secluded sectors) experimentally interesting if

coupling not-too-weakly to our sector, and

containing not-too-heavy particles.

Here: no attempt to construct a specific model,
but to set up a reasonably generic framework.

L. Carloni & TS, JHEP 1009, 105; L. Carloni, J. Rathsman & TS, JHEP 1104, 091

Torbjörn Sjöstrand QCD for BSM in PYTHIA slide 13/18

(Courtesy M. Strassler)

Models only interesting if they can give 
observable consequences at the LHC!
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Showers

Interleaved shower in QCD, QED and HV sectors:
emissions arranged in one common sequence of decreasing
emission p? scales.
HV U(1): add q

v

! q

v

�
v

and F

v

! F

v

�
v

.
HV SU(N): add q

v

! q

v

g

v

, F

v

! F

v

g

v

and g

v

! g

v

g

v

.

Recoil e↵ects in visible sector also of invisible emissions!

Torbjörn Sjöstrand QCD for BSM in PYTHIA slide 16/18

Interleaved shower in QCD, QED and 
HV sectors:

HV U(1): add γv emissions
HV SU(N): add gv emissions

HV particles may remain invisible, or
Broken U(1): γv → lepton pairs
SU(N): hadronization in hidden sector, 
with full string fragmentation setup. For 
now assumed mass-degenerate. 
Flavor Off-diagonal: stable & invisible
Flavor Diagonal, can decay back to SM

Hidden Valleys
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(Courtesy M. Strassler)

Models only interesting if they can give 
observable consequences at the LHC!

Carloni, Rathsman, Sjöstrand, JHEP 1104 (2011) 091



P. Skands

PYTHIA

Resummation and Matching
Parton Distributions

Internal (faster than LHAPDF)

CTEQ + MSTW LO, plus a few NLO

MSTW LO*, LO**, CTEQ CT09MC

Interface to LHAPDF

Can use separate PDFs for hard 
scattering and UE (to ‘stay tuned’)

12

 [T. Kasemets, arXiv:1002.4376]
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Showers

Transverse-momentum ordered 
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Includes QCD and QED
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Parton Distributions
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Showers

Transverse-momentum ordered 
ISR & FSR (new: fully interleaved)

Includes QCD and QED

Dipole-style recoils (partly new)

Improved high-p⊥ behavior [R. Corke] 

Matrix-Element Matching

Automatic first-order matching 
for most gluon-emission 
processes in resonance decays, 
e.g.,:

Z→qq→qqg, 

t→ bW→bWg, 

H→bb→bbg, …

Automatic first-order matching 
for internal 2→1 color-singlet 
processes, e.g.:

pp→H/Z/W/Z’/W’+jet

More to come …

Interface to AlpGen, MadGraph, 
… via Les Houches Accords

12

 [T. Kasemets, arXiv:1002.4376]
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 [T. Kasemets, arXiv:1002.4376]

Matched Showers: Interface to VINCIA (new showers + matching) [PS]
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Matching

13
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Tree-Level Matrix Elements

PHASE-SPACE SLICING (a.k.a. CKKW, MLM, …)

UNITARITY (a.k.a. merging, PYTHIA, VINCIA, …)

X(2) X
+1(2) …

X(1) X
+1(1)

X
+2(1)

X
+3(1) …

Born
X

+1(0)
X

+2(0)
X

+3(0) …

X(2) X
+1(2) …

X(1) X
+1(1)

X
+2(1)

X
+3(1) …

Born
X

+1(0)
X

+2(0)
X

+3(0) …

Cures

14

Lo
op

s

Legs

Exact
Approx
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Tree-Level Matrix Elements

PHASE-SPACE SLICING (a.k.a. CKKW, MLM, …)

UNITARITY (a.k.a. merging, PYTHIA, VINCIA, …)

NLO Matrix Elements

SUBTRACTION (a.k.a. MC@NLO)

UNITARITY + SUBTRACTION (a.k.a. POWHEG, VINCIA)

+ WORK IN PROGRESS … 

NLO + multileg tree-level matrix elements

NLO multileg matching

Matching at NNLO
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Born X+1(0) X+2(0) X+3(0) …

X(2) X+1(2) …

X(1) X+1(1) X+2(1) X+3(1) …

Born X+1(0) X+2(0) X+3(0) …

Cures

14
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s

Legs

Exact
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Matching in PYTHIA 8

Internal: merging (correcting first shower emissions)

Tree-level matrix elements

CKKW-L: via Les Houches files 

MLM: Work started on Alpgen interface [R. Corke]

NLO matrix elements

POWHEG: done for ISR (via LHEF). In progress for FSR [R. Corke]

MC@NLO: in progress [S. Frixione, P. Torrielli] 

(Already available for virtuality-ordered Pythia 6) 

+ Interface to VINCIA: Markovian pQCD … 

(uses matrix elements from Madgraph to drive evolution)

15

L. Lönnblad & S. Prestel, JHEP 1203 (2012) 019
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VINCIA: Markovian pQCD*

16

Legs

Lo
op

s

+0 +1 +2

+0

+1

+2

+3

|MF |2

1

The VINCIA Code PYTHIA 8

+

VINCIA: Giele, Kosower, Skands, PRD78(2008)014026 &  PRD84(2011)054003
+ ongoing work with M. Ritzmann, E. Laenen, L. Hartgring, A. Larkoski, J. Lopez-Villarejo 

*)pQCD : perturbative QCD
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Generator Versions: Pythia 6.425 (Perugia 2011 tune), Pythia 8.150, Sherpa 1.3.0, Vincia 1.026 (without uncertainty bands, NLL/NLC=OFF)

 Z→qq (q=udscb) + shower. Matched and unweighted. Hadronization off 
gfortran/g++ with gcc v.4.4 -O2 on single 3.06 GHz processor with 4GB memory

Markovian (VINCIA)
Constant of order milliseconds

Traditional Method (CKKW)

~ Two orders of 

magnitudeFrom minutes to hours
Traditional Method (CKKW)

Markovian (VINCIA)

(with helicity-dependence?)

http://arxiv.org/abs/arXiv:1109.3608
http://arxiv.org/abs/arXiv:1109.3608
http://arxiv.org/abs/arXiv:1109.3608
http://arxiv.org/abs/arXiv:1109.3608
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Hadronization

String fragmentation
Lund fragmentation function for (u,d,s) 
+ Bowler for heavy quarks (c,b)

Hadron and Particle decays
Usually isotropic, or:

New: Polarized τ decays

User decays (DecayHandler)

Link to external packages

EVTGEN for B decays

TAUOLA for  τ decays

Bose-Einstein effects
Two-particle model (off by default)

Soft QCD

18
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+ (x,b) correlations Corke, Sjöstrand JHEP 1105 (2011) 009

  Underlying Event 
(note: interactions correllated in colour: 

hadronization not independent) 

Sjöstrand & PS : JHEP03(2004)053, EPJC39(2005)129 

multiparton 
PDFs derived 
from sum rules 

Beam remnants 
Fermi motion /  
primordial kT 

Fixed order 
matrix elements 

Parton Showers 
(matched to  
further Matrix  
Elements) 

perturbative  
“intertwining”? 

“New” Pythia model 

Sjöstrand, PS, JHEP 0403 (2004) 053; EPJ C39 (2005) 129
Corke, Sjöstrand, JHEP 1103 (2011) 032

(B)SM
2→2
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Multiplicity ∝ NMPI

Rapidity
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Cluster reconnections (Gieseke, Röhr, Siodmok, arXiv:1206.0041)
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Better theory models needed
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Rapidity

Do the systems really form
and hadronize independently?

Multiplicity ∝ NMPI
<

E.g.,
…
Generalized Area Law (Rathsman: Phys. Lett. B452 (1999) 364)
Color Annealing (P.S., Wicke: Eur. Phys. J. C52 (2007) 133)
Cluster reconnections (Gieseke, Röhr, Siodmok, arXiv:1206.0041)
… 

Better theory models needed

Relevant, e.g., for precision top mass
∆mt (CR) ~ 0.5 GeV
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In total, ten tune variations are included in the “Perugia 2011” set. The starting point was in
all cases Perugia 2010, with modifications as documented in the tables below.

Perugia 2011 Tune Set
(350) Perugia 2011 Central Perugia 2011 tune (CTEQ5L)
(351) Perugia 2011 radHi Variation using αs(

1
2p⊥) for ISR and FSR

(352) Perugia 2011 radLo Variation using αs(2p⊥) for ISR and FSR
(353) Perugia 2011 mpiHi Variation using ΛQCD = 0.26GeV also for MPI
(354) Perugia 2011 noCR Variation without color reconnections
(355) Perugia 2011 M Variation using MRST LO** PDFs
(356) Perugia 2011 C Variation using CTEQ 6L1 PDFs
(357) Perugia 2011 T16 Variation using PARP(90)=0.16 scaling away from 7 TeV
(358) Perugia 2011 T32 Variation using PARP(90)=0.32 scaling away from 7 TeV
(359) Perugia 2011 Tevatron Variation optimized for Tevatron

Note that these variations do not explicitly include variations of the non-perturbative hadroniza-
tion parameters, cf. table 5, hence those parameters would still have to be varied independently
(i.e., manually) to estimate uncertainties associated specifically with the hadronization process.

Parameters of the Perugia 2011 Tunes

Parameter Type Perugia 0 Perugia 2010 Perugia 2011 (All)
MSTP(5) Tune 310 327 350 — 359
MSTJ(11) HAD 5 5 5
PARJ(1) HAD 0.073 0.08 0.087
PARJ(2) HAD 0.2 0.21 0.19
PARJ(3) HAD 0.94 0.94 0.95
PARJ(4) HAD 0.032 0.04 0.043
PARJ(6) HAD 0.5 0.5 1.0
PARJ(7) HAD 0.5 0.5 1.0
PARJ(11) HAD 0.31 0.35 0.35
PARJ(12) HAD 0.4 0.35 0.40
PARJ(13) HAD 0.54 0.54 0.54
PARJ(21) HAD 0.313 0.36 0.33
PARJ(25) HAD 0.63 0.63 0.63
PARJ(26) HAD 0.12 0.12 0.12
PARJ(41) HAD 0.49 0.35 0.35
PARJ(42) HAD 1.2 0.9 0.80
PARJ(45) HAD 0.5 0.5 0.55
PARJ(46) HAD 1.0 1.0 1.0
PARJ(47) HAD 1.0 1.0 1.0

Table 5: Hadronisation Parameters of the Perugia 2011 tunes compared to Perugia 0 and Perugia 2010.
Parameters that were not explicitly part of the Perugia 0 and Perugia 2010 tuning but were included in
Perugia 2011 are highlighted in blue. For more information on each parameter, see [14].

34

Central Tune + 9 variations

Can be obtained in standalone Pythia from 6.4.25+
MSTP(5) = 350 MSTP(5) = 351 MSTP(5) = 352 MSTP(5) = …

Perugia 2011 Perugia 2011 radHi Perugia 2011 radLo ...

UE more “jetty”

UE more “jetty”

Harder radiation

Softer radiation

Softer hadrons

~ low at LHC

Note: no variation of
hadronization parameters!

(sorry, ten was already a lot)

Recommended

PS, PRD82 (2010) 074018

http://arxiv.org/abs/arXiv:1005.3457
http://arxiv.org/abs/arXiv:1005.3457
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Fast + Extendable to NLO multileg + auto-uncertainties

So far only for FSR. Aim to have ISR this year.
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Color Flow in MC Models

“Planar Limit”

Equivalent to NC→∞: no color interference*

Rules for color flow:

For an entire cascade:

25

Figure 1.1: Color development of a shower in e+e� annihilation. Systems of color-connected
partons are indicated by the dashed lines.

1.1.5 Color information

Shower MC generators track large-Nc color information during the development of the
shower. In the large-Nc limit, a quark is represented by a color line, i.e. a line with an
arrow in the direction of the shower development, an antiquark by an anticolor line, with
the arrow in the opposite direction, and a gluon by a pair of color-anticolor lines. The rules
for color propagation are:

. (1.9)

At the end of the shower development, partons are connected by color lines. We can have
a quark directly connected by a color line to an antiquark, or via an arbitrary number of
intermediate gluons, as shown in fig 1.1. It is also possible for a set of gluons to be connected
cyclically in color, as e.g. in the decay �� ggg.

The color information is used in angular-ordered showers, where the angle of color-
connected partons determines the initial angle for the shower development, and in dipole
showers, where dipoles are always color-connected partons. It is also used in hadronization
models, where the initial strings or clusters used for hadronization are formed by systems of
color-connected partons.

1.1.6 Electromagnetic corrections

The physics of photon emission from light charged particles can also be treated with a shower
MC algorithm. A high-energy electron, for example, is accompanied by bremsstrahlung
photons, which considerably a⇥ect its dynamics. Also here, similarly to the QCD case,
electromagnetic corrections are of order �em ln Q/me, or even of order �em ln Q/me ln E�/E
in the region where soft photon emission is important, so that their inclusion in the simulation
process is mandatory. This can be done with a Monte Carlo algorithm. In case of photons
emitted by leptons, at variance with the QCD case, the shower can be continued down
to values of the lepton virtuality that are arbitrarily close to its mass shell. In practice,
photon radiation must be cut o⇥ below a certain energy, in order for the shower algorithm to
terminate. Therefore, there is always a minimum energy for emitted photons that depends
upon the implementations (and so does the MC truth for a charged lepton). In the case of
electrons, this energy is typically of the order of its mass. Electromagnetic radiation below
this scale is not enhanced by collinear singularities, and is thus bound to be soft, so that the
electron momentum is not a⇥ected by it.

7

Illustrations from: P.Nason & P.S., 
PDG Review on MC Event Generators, 2012

Figure 1.1: Color development of a shower in e+e� annihilation. Systems of color-connected
partons are indicated by the dashed lines.
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Shower MC generators track large-Nc color information during the development of the
shower. In the large-Nc limit, a quark is represented by a color line, i.e. a line with an
arrow in the direction of the shower development, an antiquark by an anticolor line, with
the arrow in the opposite direction, and a gluon by a pair of color-anticolor lines. The rules
for color propagation are:

. (1.9)

At the end of the shower development, partons are connected by color lines. We can have
a quark directly connected by a color line to an antiquark, or via an arbitrary number of
intermediate gluons, as shown in fig 1.1. It is also possible for a set of gluons to be connected
cyclically in color, as e.g. in the decay �� ggg.

The color information is used in angular-ordered showers, where the angle of color-
connected partons determines the initial angle for the shower development, and in dipole
showers, where dipoles are always color-connected partons. It is also used in hadronization
models, where the initial strings or clusters used for hadronization are formed by systems of
color-connected partons.

1.1.6 Electromagnetic corrections

The physics of photon emission from light charged particles can also be treated with a shower
MC algorithm. A high-energy electron, for example, is accompanied by bremsstrahlung
photons, which considerably a⇥ect its dynamics. Also here, similarly to the QCD case,
electromagnetic corrections are of order �em ln Q/me, or even of order �em ln Q/me ln E�/E
in the region where soft photon emission is important, so that their inclusion in the simulation
process is mandatory. This can be done with a Monte Carlo algorithm. In case of photons
emitted by leptons, at variance with the QCD case, the shower can be continued down
to values of the lepton virtuality that are arbitrarily close to its mass shell. In practice,
photon radiation must be cut o⇥ below a certain energy, in order for the shower algorithm to
terminate. Therefore, there is always a minimum energy for emitted photons that depends
upon the implementations (and so does the MC truth for a charged lepton). In the case of
electrons, this energy is typically of the order of its mass. Electromagnetic radiation below
this scale is not enhanced by collinear singularities, and is thus bound to be soft, so that the
electron momentum is not a⇥ected by it.

7

String #1 String #2 String #3

Example: Z0 → qq

Coherence of pQCD cascades → not much “overlap” between strings 
→ planar approx pretty good

LEP measurements in WW confirm this (at least to order 10% ~ 1/Nc2 )

*) except as reflected by 
the implementation of 
QCD coherence effects in 
the Monte Carlos via 
angular or dipole ordering
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Interfaces to External MEs (POWHEG/SCALUP)
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Shower matching to MEs: POWHEG
Standard Les Houches interface (LHA, LHEF) specifies startup scale SCALUP

for showers, so “trivial” to interface any external program, including POWHEG.
Problem: for ISR

p2
⊥ = p2

⊥evol −
p4
⊥evol

p2
⊥evol,max

i.e. p⊥ decreases for θ∗ > 90◦ but p⊥evol monotonously increasing.
Solution: run “power” shower but kill emissions above the hardest one,
by POWHEG’s definition.
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Available for ISR-dominated, coming for QCD jets with FSR issues.

Slide from T. Sjöstrand, TH-LPCC workshop, August 2011, CERN

Note: Other things that may differ in comparisons: PDFs (NLO vs LO), Scale Choices
in PYTHIA 8

not needed if shower ordered in pT?

phase space, and dΦr is Πdri times a suitable Jacobian. We now write the NLO

exact formula in the following way

dσ = B(v)dΦv + V (v)dΦv + [R(v, r)dΦvdΦr − C(v, r)dΦvdΦrP] =

[V (v) + (R(v, r) − C(v, r))dΦrP] dΦv + B(v)dΦv

[

1 +
R(v, r)

B(v)
(1 − P) dΦr

]

(5.6)

Comparing eqs. (5.2) and (5.3), we immediately see that the analogue of eq. (5.2)
arising from eq. (5.6) is given by

dσ = [V (v) + (R(v, r) − C(v, r)) dΦrP] dΦv

+ B(v)dΦv

[

∆(NLO)
R (0) +∆(NLO)

R (pT)
R(v, r)

B(v)
dΦr

]

(5.7)

where we have defined

∆(NLO)
R (pT) = e−

∫

dΦr
R(v,r)
B(v) θ(kT(v,r)−pT) (5.8)

One can implement eq. (5.7) in an SMC+NLO implementation by generating Born
events with distribution B(v1 . . . vl), generating the first emission according to the

second line of eq. (5.7), and then generating the subsequent emissions as pT vetoed
shower. Furthermore, one should associate a truncated vetoed shower from the

combined emitted parton and the closest (in pT) primary parton. The first term
in eq. (5.7) can be generated independently, and attached to an ordinary shower,
since it is formally of higher order in αS. With this method, negative weighted

events could be generated, since this term is not guaranteed to be positive. A better
procedure would be the following. One defines

B̄(v) = B(v) + V (v)

+

∫

(R(v, r) − C(v, r))dΦr (5.9)

and then implements the hardest emission as

dσ = B̄(v)dΦv

[

∆(NLO)
R (0) +∆(NLO)

R (pT)
R(v, r)

B(v)
dΦr

]

. (5.10)

Eq. (5.10) overcomes the problem of the negative weights, in the sense that the region

where B̄ is negative must signal the failure of perturbation theory, since the NLO
negative terms have overcome the Born term.

The structure of the counterterm and the projection in NLO calculations is in
general more involved than in the example illustrated above. However, one can
separate the real contribution into several term, each one of them singular in a

particular collinear region7. To each term one can associate a counterterm with a
7For example, defining Rk = 1

∑

i
1

Si

1
Sk

, where Sk is the mass of the pair formed by the kth parton

with the radiated parton, we have
∑

Ri = R, and each Rk is singular only in the region where the
emitted parton is collinear to the kth parton, or soft.
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Figure 5: Comparison of AlpGen + Pythia 6 (pT >20 GeV) jet multiplicity (left) and leading jet
transverse momentum (right) distributions in W+jets electron channel events. The samples are
generated using different AlpGen + Pythia 6 parameter setups described in the text.

3.2 Tests of the Consistent �S Approach: Behaviour Under Scale Variations

In this section we study the behaviour of the new AlpGen + Pythia 6 Perugia 2011 “matched” tune under
�QCD variations to demonstrate that, with a consistent treatment of �S, the expected behaviour of ME-PS
matched predictions under variations of tuning parameters is restored. W+jets events selected with the same
criteria applied for Fig. 3 are used. Figure 5 shows the jet multiplicity (left) and leading jet transverse mo-
mentum (right) distributions for the Perugia 2011 “matched” tune and four variant tune samples generated
with different �QCD values. Two samples, labelled as “� Alp. �” and “� Alp. ⇥”, have �QCD respectively
increased and decreased by a factor of 2 only in the ME calculation. This is achieved by setting respectively
the AlpGen parameter ktfac to 1/2 and 2. The increase (decrease) of the �QCD value in AlpGen results
in more (less) jets and a harder (softer) leading jet spectrum as shown in Fig. 5. The two samples labelled as
“� PS �, � Alp. �” and “� PS ⇥, � Alp. ⇥” correspond to a consistent variation of �QCD both in the ME
and PS, with �QCD respectively increased and decreased by a factor of 2. The impact of these variations is
qualitatively similar to the case where �QCD is only varied in the ME, restoring the expected behaviour of
ME-PS matched prediction under variation of �QCD. However, the samples with �QCD varied simultane-
ously in the ME and in the PS exhibit a smaller deviation from the nominal sample. The mitigation of the
impact of a �QCD coherent change in a ME-PS matched sample compared to the same change only in the
ME calculation is due to the interplay between the radiation produced by PS and the matching algorithm, as
detailed in Section 2.1. While the choice of the xlclu parameter allows to directly adapt AlpGen to possible
future changes in the choice of �QCD in Pythia, the variation of the ktfac parameter in the standard range
0.5 < ktfac< 2 can be used to establish the range of the systematical uncertainty, or to tune the description
of specific observables.

10

Interfaces to External MEs (MLM)

If using one code for MEs and another for showering

Tree-level corrections use αs from Matrix-element Generator

Virtual corrections use αs from Shower Generator (Sudakov)

Mismatch if the two do not use same ΛQCD or αs(mZ)
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B. Cooper et al., arXiv:1109.5295 [hep-ph]

Much effort has gone into ensuring that the behaviour across the boundary between the two regions be as
smooth as possible. CKKW showed [22] that it is possible to remove any dependence on this “matching
scale” at NLL precision by careful choices of all ingredients in the matching; technical details of the im-
plementation are important, and the dependence on the unphysical matching scale may be larger than NLL
unless the implementation matches the theoretical algorithm precisely [23–25].

Especially when two different computer codes are used for matrix elements and showering, respectively (as
when AlpGen or MadGraph [26] is combined with Pythia 6 or Herwig), inconsistent parameter sets between
the two codes can jeopardise the consistency of the calculation and lead to unexpected results, as will be
illustrated in the following sections.

To give a very simple theoretical example, suppose a matched matrix-element generator (MG) uses a differ-
ent definition of �s than the parton-shower generator (SG). Suppressing parton luminosity factors to avoid
clutter, the real corrections, integrated over the hard part of phase space, for some arbitrary final state F , will
then have the form

⌅ incl
F+1 =

⇤ s

Q2
F

d�F+1 �MG
s |MF+1|2 , (1)

where we have factored out the coupling corresponding to the “+1” parton and suppressed the dependence
on any other couplings that may be present in |MF+1|2. The virtual corrections at the same order, generated
by the shower off F , will have the form

⌅ excl
F = ⌅ incl

F �
⇤

d�F

⇤ s

Q2
F

dQ2

Q2 dz ⇤
i

�SG
s

2⇤
Pi(z) |MF |2 + O(�2

s ) , (2)

with Pi(z) the DGLAP splitting kernels (or equivalent radiation functions in dipole or antenna shower ap-
proaches). If the two codes use the same definitions for the strong coupling, �SG

s = �MG
s , then the fact

that P(z)/Q2 captures the leading singularities of |MF+1|2 guarantees that the difference between the two
expressions can at most be a non-singular term. Integrated over phase space, such a term merely leads to
a finite O(�s) change to the total cross section, which is within the expected precision. Indeed, it is a cen-
tral ingredient in both the MLM and (L)-CKKW matching prescriptions that a reweighting of the matched
matrix elements be performed in order to ensure that the scales appearing in �s match smoothly between
the hard and soft regions. Thus, we may assume that the choice of renormalization scale after matching is
µ ⇥ pT on both sides of the matching scale, where pT is a scale characterising the momentum transfer at
each emission vertex, as established by [27, 28] and encoded in the CKKW formalism [22].

In the case of the CKKW approach as implemented in the Sherpa MC framework [29], this prescription can
be controlled exactly, since the matrix element and the shower evolution are part of the same computer code
and hence naturally use the same �s definition. This is also true in Lönnblad’s variant [23] of the algorithm,
used in Ariadne [30]. In the case of codes like AlpGen or Madgraph, on the other hand, an issue emerges.
These codes are designed to generate parton-level event samples to be used with an arbitrary shower MC.
Different shower MCs however use slightly different scales for the parton branchings, as a result of different
approaches to the shower evolution, and may use different values of ⇥QCD, as a result of the tuning of the
showers and/or underlying events. A possible mismatch therefore arises in the values of �s used by the
matrix-element calculation and those used by the shower.

If there is a mismatch in ⇥QCD or �s(MZ), then this will effectively generate a real-virtual difference whose
leading singularities are proportional to

�2
s b0 ln

�
⇥2

MG
⇥2

SG

⇥
dQ2

Q2 ⇤
i

Pi(z) |MF |2 . (3)

3

AlpGen: can set xlclu = ΛQCD since v.2.14 (default remains to inherit from PDF)

Pythia 6: set common PARP(61)=PARP(72)=PARP(81) = ΛQCD in Perugia 2011 tunes
Pythia 8: use TimeShower:alphaSvalue and SpaceShower:alphaSvalue 
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Figure 5: Comparison of AlpGen + Pythia 6 (pT >20 GeV) jet multiplicity (left) and leading jet
transverse momentum (right) distributions in W+jets electron channel events. The samples are
generated using different AlpGen + Pythia 6 parameter setups described in the text.

3.2 Tests of the Consistent �S Approach: Behaviour Under Scale Variations

In this section we study the behaviour of the new AlpGen + Pythia 6 Perugia 2011 “matched” tune under
�QCD variations to demonstrate that, with a consistent treatment of �S, the expected behaviour of ME-PS
matched predictions under variations of tuning parameters is restored. W+jets events selected with the same
criteria applied for Fig. 3 are used. Figure 5 shows the jet multiplicity (left) and leading jet transverse mo-
mentum (right) distributions for the Perugia 2011 “matched” tune and four variant tune samples generated
with different �QCD values. Two samples, labelled as “� Alp. �” and “� Alp. ⇥”, have �QCD respectively
increased and decreased by a factor of 2 only in the ME calculation. This is achieved by setting respectively
the AlpGen parameter ktfac to 1/2 and 2. The increase (decrease) of the �QCD value in AlpGen results
in more (less) jets and a harder (softer) leading jet spectrum as shown in Fig. 5. The two samples labelled as
“� PS �, � Alp. �” and “� PS ⇥, � Alp. ⇥” correspond to a consistent variation of �QCD both in the ME
and PS, with �QCD respectively increased and decreased by a factor of 2. The impact of these variations is
qualitatively similar to the case where �QCD is only varied in the ME, restoring the expected behaviour of
ME-PS matched prediction under variation of �QCD. However, the samples with �QCD varied simultane-
ously in the ME and in the PS exhibit a smaller deviation from the nominal sample. The mitigation of the
impact of a �QCD coherent change in a ME-PS matched sample compared to the same change only in the
ME calculation is due to the interplay between the radiation produced by PS and the matching algorithm, as
detailed in Section 2.1. While the choice of the xlclu parameter allows to directly adapt AlpGen to possible
future changes in the choice of �QCD in Pythia, the variation of the ktfac parameter in the standard range
0.5 < ktfac< 2 can be used to establish the range of the systematical uncertainty, or to tune the description
of specific observables.

10

note: running order also 
has a (subleading) effect
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Scales: pT and CMW

Compute e+e-→3 jets, for arbitrary choice of μR (e.g., μR= mZ)

One-loop correction 2Re[M0M1*] includes a universal O(αs2) term 
from integrating quark loops over all of phase space

Proportional to the β function (b0). 

Can be absorbed by using μR
4 = s13 s23 = pT

2 s. 

In an ordered shower, quark (and gluon) loops 
restricted by strong-ordering condition → modified to

μR = pT (but depends on ordering variable?)

Additional logs induced by gluon loops can be absorbed by replacing 
ΛMS by ΛMC ~ 1.5 ΛMS (with mild dependence on number of flavors)

28

|M0
3 |2 + M1

3 ·
�
M0

3

⇥⇥ = ⌃0|M0
2 |2

⌥
⇤(1� y13 � y23) (y13y23 (1� y13 � y23))�� dy13 dy23

⇤
⇤
A0

3 +
�s

2⇧
(LC + QL)

⌅

With LC as an abbreviation for Leading Color and QL for Quark Loop as defined below. The notation
of the infrared pole structure of these terms has been written similar to the integrated antenna in [8],
with the difference that we have chosen to write out the expansion of the scale factor µ in the integrated
antenna terms in order to obtain explicitly dimensionless logarithms.
Note that we include both the piece proportional to CF NC and the piece proportional to CF nf in our
definition of “Leading Color”.LH: Uuuh, this remark in combination with my notation is a definite
guarantee for confusion..

LC = NC

�
A0

3 ·
⇤
2I(1)

qg (⇥, µ2/s13) + 2I(1)
qg (⇥, µ2/s23)

⌅

+ A0
3

⇧
�R(y13, y23) +

3
2

ln
⇧

Q2

µ2
R

⌃
+

5
3

ln
⇧

µ2
R

s23

⌃
+

5
3

ln
⇧

µ2
R

s13

⌃
� 4

⌃

1
s123

�
+ 2 ln(y13)

⇧
1 +

s13

s12 + s23
� s23

s12 + s23
� 4s23s13

(s12 + s23)2

⌃

+ 2 ln(y23)
⇧

1� s13

s12 + s13
+

s23

s12 + s13
� 4s23s13

(s12 + s13)2

⌃

+
1
2

⇧
s13

s23
� s13

s12 + s13
+

s23

s13
� s23

s12 + s23
+

s12

s23
+

s12

s13
+ 1

⌃  

QL = nf

�
A0

3 ·
⇤
2I(1)

qg,F (⇥, µ2/s13) + 2I(1)
qg,F (⇥, µ2/s23)

⌅

+
1
6
A0

3

⇧
ln

⇧
s23

µ2
R

⌃
+ ln

⇧
s13

µ2
R

⌃⌃ 

with

R(y, z) = ln(y) ln(z)� ln(y) ln(1� y)� ln(z) ln(1� z) +
⇧2

6
� Li2(y)� Li2(z)

and

A0
3 =

1
s123

⇧
(1� ⇥)s13

s23
+

(1� ⇥)s23

s13
+ 2

s12s123 � ⇥s13s23

s13s23

⌃
(1� ⇥)

PS: It should be mentioned that A0
3 is essentially |M3|2/|M2|2, again taking care to get the exact normal-

ization right. The I(1) functions should be given either here or at least in an appendix, with a reference
to GGG.LH: reference to GGG is already above when I refer to our choice of notation.. should we
mention it again?
With the matrix element expressed in this form, cancellation of the infrared poles against integrated
antennae coming from the shower (below) will be particularly simple and will yield an expression purely
dependent on the renormalization scale, µR, and on the kinematic invariants s12 and s23, but not on the
scale factor µ.

5

nf

There are obviously still order 2 uncertainties on μR, but this is the background for the central choice made in showers

Catani, Marchesini, Webber, NPB349 (1991) 635

+ gluon loops

(~ “BLM”)
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Tuning

1. Fragmentation Tuning
Perturbative: jet radiation, jet broadening, jet structure

Non-perturbative: hadronization modeling & parameters

2. Initial-State Tuning
Perturbative: initial-state radiation, initial-final interference

Non-perturbative: PDFs, primordial kT

3. Underlying-Event & Min-Bias Tuning
Perturbative: Multi-parton interactions, rescattering 

Non-perturbative: Multi-parton PDFs, Beam Remnant fragmentation, 
Color (re)connections, collective effects, impact parameter dependence, … 
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PYTHIA Models
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pT-ordered PYTHIA 6

pT-ordered PYTHIA 8

Q-ordered PYTHIA 6 Tune A DW(T)
D6(T)

Tune S0
Tune S0A

D…-Pro

S…-Pro

Pro-Q2O

ATLAS MC09
Perugia 0

(+ Variations)

Tune 1
2C
2M

4C, 4Cx
A1, AU1
A2, AU2

Q2-LHC ?

AMBT1
Z1, Z2

Perugia 2010

AUET2B?
Perugia 2011
(+ Variations)

(default)

2002 2006 2008 2009 2010 2011

LHC data

Note: tunes differ significantly in which data sets they include
LEP fragmentation parameters
Level of Underlying Event & Minimum-bias Tails
Soft part of Drell-Yan pT spectrum
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PYTHIA Models
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pT-ordered PYTHIA 6

pT-ordered PYTHIA 8

Q-ordered PYTHIA 6 Tune A DW(T)
D6(T)

Tune S0
Tune S0A

D…-Pro

S…-Pro

Pro-Q2O

ATLAS MC09
Perugia 0

(+ Variations)

Tune 1
2C
2M

4C, 4Cx
A1, AU1
A2, AU2

Q2-LHC ?

AMBT1
Z1, Z2

Perugia 2010

AUET2B?
Perugia 2011
(+ Variations)

2002 2006 2008 2009 2010 2011

A
DW, 

D6, ...  
S0, S0A MC09(c)

Pro-…, Perugia 
0, Tune 1, 2C, 2M

AMBT1
Perugia 

2010
Perugia 

2011
Z1, Z2 4C, 4Cx

AUET2B, 
A2, AU2

LEP ✔ ✔ ✔ ✔ ✔

TeV MB ✔ ✔ ✔ ✔ ✔ (✔) ?

TeV UE ✔ ✔ ✔ ✔ ✔ ✔ (✔) ✔?

TeV DY ✔ ✔  ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔

LHC MB ✔ ✔ ✔ ✔ ?

LHC UE ✔ ✔ ✔

LHC data

Main Data Sets included in each Tune (no guarantee that all subsets ok)

(default)
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Example: pQCD Shower Tuning

The value of the strong coupling at the Z pole 

Governs overall amount of radiation

Renormalization Scheme and Scale for αs 

1- / 2-loop running, MSbar / CMW scheme, μR ~ Q2 or pT2

Additional Matrix Elements included?

At tree level / one-loop level?  Using what scheme? 

Ordering variable, coherence treatment, effective 1→3 
(or 2→4), recoil strategy, etc

32

Main pQCD Parameters
αs(mZ)

αs Running

Matching

Subleading Logs
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vs LEP: Thrust
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Significant Discrepancies (>10%)
for T < 0.05, Major < 0.15, Minor < 0.2, and for all values of Oblateness

These variables can be categorised into two classes, according to the minimal number of

final-state particles required for them to be non-vanishing: the most common variables

require three particles (and are thus closely related to three-jet final states), while several

other variables were constructed such that they require at least four particles (related to

four-jet final states).

Among the event shapes requiring three-particle final states, six variables were studied

in great detail: the thrust T [19], the normalised heavy jet mass M2
H/s [20], the wide

and total jet broadenings BW and BT [21], the C-parameter [22] and the transition from

three-jet to two-jet final states in the Durham jet algorithm Y3 [23].

(a) Thrust, T [19]

The thrust variable for a hadronic final state in e+e− annihilation is defined as [19]

T = max
!n

(∑

i |!pi · !n|
∑

i |!pi|

)

, (2.1)

where !pi denotes the three-momentum of particle i, with the sum running over all

particles. The unit vector !n is varied to find the thrust direction !nT which maximises

the expression in parentheses.

The maximum value of thrust, T → 1, is obtained in the limit where there are only

two particles in the event. For a three-particle event the minimum value of thrust is

T = 2/3.

(b) Heavy hemisphere mass, M2
H/s [20]

In the original definition [20] one divides the event into two hemispheres. In each

hemisphere, Hi, one also computes the hemisphere invariant mass as:

M2
i /s =

1

E2
vis





∑

k∈Hi

pk





2

, (2.2)

where Evis is the total energy visible in the event. In the original definition, the

hemisphere is chosen such that M2
1 +M2

2 is minimised. We follow the more customary

definition whereby the hemispheres are separated by the plane orthogonal to the

thrust axis.

The larger of the two hemisphere invariant masses yields the heavy jet mass:

ρ ≡ M2
H/s = max(M2

1 /s,M2
2 /s) . (2.3)

In the two-particle limit ρ → 0, while for a three-particle event ρ ≤ 1/3.

The associated light hemisphere mass,

M2
L/s = min(M2

1 /s,M2
2 /s) (2.4)

is an example of a four-jet observable and vanishes in the three-particle limit.

At lowest order, the heavy jet mass and the (1 − T ) distribution are identical. How-

ever, this degeneracy is lifted at next-to-leading order.

– 3 –

1� T ! 1

2
1� T ! 0

Major

Minor

Oblateness
= Major - MinorMinorMajor1-T
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PYTHIA 8 (hadronization on) vs LEP: Thrust

1

These variables can be categorised into two classes, according to the minimal number of

final-state particles required for them to be non-vanishing: the most common variables

require three particles (and are thus closely related to three-jet final states), while several

other variables were constructed such that they require at least four particles (related to

four-jet final states).

Among the event shapes requiring three-particle final states, six variables were studied

in great detail: the thrust T [19], the normalised heavy jet mass M2
H/s [20], the wide

and total jet broadenings BW and BT [21], the C-parameter [22] and the transition from

three-jet to two-jet final states in the Durham jet algorithm Y3 [23].

(a) Thrust, T [19]

The thrust variable for a hadronic final state in e+e− annihilation is defined as [19]

T = max
!n

(∑

i |!pi · !n|
∑

i |!pi|

)

, (2.1)

where !pi denotes the three-momentum of particle i, with the sum running over all

particles. The unit vector !n is varied to find the thrust direction !nT which maximises

the expression in parentheses.

The maximum value of thrust, T → 1, is obtained in the limit where there are only

two particles in the event. For a three-particle event the minimum value of thrust is

T = 2/3.

(b) Heavy hemisphere mass, M2
H/s [20]

In the original definition [20] one divides the event into two hemispheres. In each

hemisphere, Hi, one also computes the hemisphere invariant mass as:

M2
i /s =

1

E2
vis





∑

k∈Hi

pk





2

, (2.2)

where Evis is the total energy visible in the event. In the original definition, the

hemisphere is chosen such that M2
1 +M2

2 is minimised. We follow the more customary

definition whereby the hemispheres are separated by the plane orthogonal to the

thrust axis.

The larger of the two hemisphere invariant masses yields the heavy jet mass:

ρ ≡ M2
H/s = max(M2

1 /s,M2
2 /s) . (2.3)

In the two-particle limit ρ → 0, while for a three-particle event ρ ≤ 1/3.

The associated light hemisphere mass,

M2
L/s = min(M2

1 /s,M2
2 /s) (2.4)

is an example of a four-jet observable and vanishes in the three-particle limit.

At lowest order, the heavy jet mass and the (1 − T ) distribution are identical. How-

ever, this degeneracy is lifted at next-to-leading order.

– 3 –

1� T ! 1

2
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PYTHIA 8 (hadronization on) vs LEP: Thrust

Note:  Value of Strong coupling is
αs(MZ) = 0.14

1

These variables can be categorised into two classes, according to the minimal number of

final-state particles required for them to be non-vanishing: the most common variables

require three particles (and are thus closely related to three-jet final states), while several

other variables were constructed such that they require at least four particles (related to

four-jet final states).

Among the event shapes requiring three-particle final states, six variables were studied

in great detail: the thrust T [19], the normalised heavy jet mass M2
H/s [20], the wide

and total jet broadenings BW and BT [21], the C-parameter [22] and the transition from

three-jet to two-jet final states in the Durham jet algorithm Y3 [23].

(a) Thrust, T [19]

The thrust variable for a hadronic final state in e+e− annihilation is defined as [19]

T = max
!n

(∑

i |!pi · !n|
∑

i |!pi|

)

, (2.1)

where !pi denotes the three-momentum of particle i, with the sum running over all

particles. The unit vector !n is varied to find the thrust direction !nT which maximises

the expression in parentheses.

The maximum value of thrust, T → 1, is obtained in the limit where there are only

two particles in the event. For a three-particle event the minimum value of thrust is

T = 2/3.

(b) Heavy hemisphere mass, M2
H/s [20]

In the original definition [20] one divides the event into two hemispheres. In each

hemisphere, Hi, one also computes the hemisphere invariant mass as:

M2
i /s =

1

E2
vis





∑

k∈Hi

pk





2

, (2.2)

where Evis is the total energy visible in the event. In the original definition, the

hemisphere is chosen such that M2
1 +M2

2 is minimised. We follow the more customary

definition whereby the hemispheres are separated by the plane orthogonal to the

thrust axis.

The larger of the two hemisphere invariant masses yields the heavy jet mass:

ρ ≡ M2
H/s = max(M2

1 /s,M2
2 /s) . (2.3)

In the two-particle limit ρ → 0, while for a three-particle event ρ ≤ 1/3.

The associated light hemisphere mass,

M2
L/s = min(M2

1 /s,M2
2 /s) (2.4)

is an example of a four-jet observable and vanishes in the three-particle limit.

At lowest order, the heavy jet mass and the (1 − T ) distribution are identical. How-

ever, this degeneracy is lifted at next-to-leading order.

– 3 –
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PYTHIA 8 (hadronization on) vs LEP: Thrust

Note:  Value of Strong coupling is
αs(MZ) = 0.12

0 0.1 0.2 0.3 0.4 0.5

1
/N

 d
N

/d
(1

-T
)

-3
10

-210

-110

1

10

1-Thrust (udsc)

 Pythia 8.165

Data from Phys.Rept. 399 (2004) 71

L3 
Pythia

V
 I

 N
 C

 I
 A

 R
 O

 O
 T

1-T (udsc)
0 0.1 0.2 0.3 0.4 0.5

T
h

e
o

ry
/D

a
ta

0.6

0.8

1

1.2

1.4 0 0.2 0.4 0.6

1
/N

 d
N

/d
(M

a
jo

r)

-3
10

-210

-110

1

10

Major

 Pythia 8.165

Data from CERN-PPE-96-120

Delphi
Pythia

V
 I

 N
 C

 I
 A

 R
 O

 O
 T

Major
0 0.2 0.4 0.6

T
h

e
o

ry
/D

a
ta

0.6

0.8

1

1.2

1.4 0 0.1 0.2 0.3 0.4 0.5
1

/N
 d

N
/d

(M
in

o
r)

-3
10

-210

-110

1

10

Minor

 Pythia 8.165

Data from CERN-PPE-96-120

Delphi
Pythia

V
 I

 N
 C

 I
 A

 R
 O

 O
 T

Minor
0 0.1 0.2 0.3 0.4 0.5

T
h

e
o

ry
/D

a
ta

0.6

0.8

1

1.2

1.4 0 0.2 0.4 0.6

1
/N

 d
N

/d
(O

)

-3
10

-210

-110

1

10

Oblateness

 Pythia 8.165

Data from CERN-PPE-96-120

Delphi
Pythia

V
 I

 N
 C

 I
 A

 R
 O

 O
 T

O
0 0.2 0.4 0.6

T
h

e
o

ry
/D

a
ta

0.6

0.8

1

1.2

1.4

These variables can be categorised into two classes, according to the minimal number of

final-state particles required for them to be non-vanishing: the most common variables

require three particles (and are thus closely related to three-jet final states), while several

other variables were constructed such that they require at least four particles (related to

four-jet final states).

Among the event shapes requiring three-particle final states, six variables were studied

in great detail: the thrust T [19], the normalised heavy jet mass M2
H/s [20], the wide

and total jet broadenings BW and BT [21], the C-parameter [22] and the transition from

three-jet to two-jet final states in the Durham jet algorithm Y3 [23].

(a) Thrust, T [19]

The thrust variable for a hadronic final state in e+e− annihilation is defined as [19]

T = max
!n

(∑

i |!pi · !n|
∑

i |!pi|

)

, (2.1)

where !pi denotes the three-momentum of particle i, with the sum running over all

particles. The unit vector !n is varied to find the thrust direction !nT which maximises

the expression in parentheses.

The maximum value of thrust, T → 1, is obtained in the limit where there are only

two particles in the event. For a three-particle event the minimum value of thrust is

T = 2/3.

(b) Heavy hemisphere mass, M2
H/s [20]

In the original definition [20] one divides the event into two hemispheres. In each

hemisphere, Hi, one also computes the hemisphere invariant mass as:

M2
i /s =

1

E2
vis





∑

k∈Hi

pk





2

, (2.2)

where Evis is the total energy visible in the event. In the original definition, the

hemisphere is chosen such that M2
1 +M2

2 is minimised. We follow the more customary

definition whereby the hemispheres are separated by the plane orthogonal to the

thrust axis.

The larger of the two hemisphere invariant masses yields the heavy jet mass:

ρ ≡ M2
H/s = max(M2

1 /s,M2
2 /s) . (2.3)

In the two-particle limit ρ → 0, while for a three-particle event ρ ≤ 1/3.

The associated light hemisphere mass,

M2
L/s = min(M2

1 /s,M2
2 /s) (2.4)

is an example of a four-jet observable and vanishes in the three-particle limit.

At lowest order, the heavy jet mass and the (1 − T ) distribution are identical. How-

ever, this degeneracy is lifted at next-to-leading order.
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Obtained with αs(MZ) ≈ 0.14 ≠ World Average = 0.1176 ± 0.0020
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Obtained with αs(MZ) ≈ 0.14 ≠ World Average = 0.1176 ± 0.0020

Value of αs

Depends on the order and scheme
MC ≈ Leading Order + LL resummation

Other leading-Order extractions of αs ≈ 0.13 - 0.14

Effective scheme interpreted as “CMW” → 0.13; 2-loop running → 0.127; NLO → 0.12 ?
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Tune/measure even pQCD parameters with the actual generator. 

Sanity check = consistency with other determinations at a similar 
formal order, within the uncertainty at that order (including a CMW-like 
scheme redefinition to go to ‘MC scheme’)
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Effective scheme interpreted as “CMW” → 0.13; 2-loop running → 0.127; NLO → 0.12 ?

Not so crazy
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scheme redefinition to go to ‘MC scheme’)

36

Improve → Matching at LO and NLO
 Non-perturbative → Lecture on IR
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Integrated Jet Shape
as function of R

Central Region |y| < 0.3
80 < pT < 110

Central region OK

Integrated Jet Shape
as function of R

Forward 2.1 < |y| < 2.8
80 < pT < 110

Forward region less good

(Also larger UE uncertainties)
Also ok for smaller pT values

only if UE is well tuned

Issue for WBF?

Plots from mcplots.cern.ch

Core Tail Core Tail

http://mcplots.cern.ch
http://mcplots.cern.ch
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CMS: arXiv:1110.4973
ATLAS: arXiv:1107.2381

Drell-Yan pT Spectrum
(at Q=MZ)

~p?(Z) ⇠
X

j2jets

~p?(j)

ISR

ISR

ISR

Particularly sensitive to 
1. αs renormalization scale choice
2. Recoil strategy (color dipoles vs global vs …)
3. FSR off ISR (ISR jet broadening)

Non-trivial result that modern GPMC shower 
models all reproduce it ~ correctly 

Note: old PYTHIA 6 model (Tune A) did not give correct 
distribution, except with extreme μR

 choice (DW, D6, Pro-Q2O)

*From Quarks, at Q=MZ

Plots from mcplots.cern.ch

http://mcplots.cern.ch
http://mcplots.cern.ch
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ISR: Dijet Decorrelation

39Plots from mcplots.cern.ch

(210 < pT < 260)

Dijet Azimuthal 
Decorrelation

ATLAS Phys.Rev.Lett. 106 (2011) 172002

~ 1

~ ½

in units of 180 degrees

http://mcplots.cern.ch
http://mcplots.cern.ch
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ISR: Dijet Decorrelation

39Plots from mcplots.cern.ch

(210 < pT < 260)

Dijet Azimuthal 
Decorrelation

ATLAS Phys.Rev.Lett. 106 (2011) 172002

~ 1

~ ½

in units of 180 degrees

IR Safe Summary (ISR/FSR):
LO + showers generally in good O(20%) agreement with LHC (modulo bad tunes, pathological cases)

Room for improvement: Quantification of uncertainties is still more art than science. 
Cutting Edge: multi-jet matching at NLO and systematic NLL showering

Bottom Line: perturbation theory is solvable. Expect progress.

http://mcplots.cern.ch
http://mcplots.cern.ch


P. Skands

Uncertainties

40

Buckley et al. (Professor) “Systematic Event Generator Tuning for LHC”, EPJC65 (2010) 331
P.S. “Tuning MC Event Generators: The Perugia Tunes”, PRD82 (2010) 074018

Schulz, P.S. “Energy Scaling of Minimum-Bias Tunes”, EPJC71 (2011) 1644
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to additional reconstructible jets is, however, quite small. Soft interactions that do not give
rise to observable jets are much more plentiful, and can give significant corrections to the
color flow and total scattered energy of the event. This a↵ects the final-state activity in a
more global way, increasing multiplicity and summed E

T

distributions, and contributing to
the break-up of the beam remnants in the forward direction.

The first detailed Monte Carlo model for perturbative MPI was proposed in [62], and
with some variation this still forms the basis for most modern implementations. Some useful
additional references can be found in [15]. The first crucial observation is that the t-channel
propagators appearing in perturbative QCD 2 ! 2 scattering almost go on shell at low p?,
causing the di↵erential cross sections to become very large, behaving roughly as
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This cross section is an inclusive number. Thus, if a single hadron-hadron event contains
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This simple argument in fact expresses unitarity; instead of the total interaction cross section
diverging as p?min

! 0 (which would violate unitarity), we have restated the problem so that
it is now the number of MPI per collision that diverges, with the total cross section remaining
finite. At LHC energies, the 2 ! 2 scattering cross sections computed using the full LO
QCD cross section folded with modern PDFs becomes larger than the total pp one for p?
values of order 4–5 GeV [74]. One therefore expects the average number of perturbative MPI
to exceed unity at around that scale.

Two important ingredients remain to fully regulate the remaining divergence. Firstly,
the interactions cannot use up more momentum than is available in the parent hadron.
This suppresses the large-n tail of the estimate above. In PYTHIA-based models, the MPI
are ordered in p?, and the parton densities for each successive interaction are explicitly
constructed so that the sum of x fractions can never be greater than unity. In the HERWIG
models, instead the uncorrelated estimate of hni above is used as an initial guess, but the
generation of actual MPI is stopped once the energy-momentum conservation limit is reached.

The second ingredient invoked to suppress the number of interactions, at low p? and
x, is color screening; if the wavelength ⇠ 1/p? of an exchanged colored parton becomes
larger than a typical color-anticolor separation distance, it will only see an average color
charge that vanishes in the limit p? ! 0, hence leading to suppressed interactions. This
provides an infrared cuto↵ for MPI similar to that provided by the hadronization scale for
parton showers. A first estimate of the color-screening cuto↵ would be the proton size,
p?min

⇡ ~/r
p

⇡ 0.3 GeV ⇡ ⇤
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, but empirically this appears to be far too low. In current

18

to additional reconstructible jets is, however, quite small. Soft interactions that do not give
rise to observable jets are much more plentiful, and can give significant corrections to the
color flow and total scattered energy of the event. This a↵ects the final-state activity in a
more global way, increasing multiplicity and summed E

T

distributions, and contributing to
the break-up of the beam remnants in the forward direction.

The first detailed Monte Carlo model for perturbative MPI was proposed in [62], and
with some variation this still forms the basis for most modern implementations. Some useful
additional references can be found in [15]. The first crucial observation is that the t-channel
propagators appearing in perturbative QCD 2 ! 2 scattering almost go on shell at low p?,
causing the di↵erential cross sections to become very large, behaving roughly as

d�
2!2

/ dt

t2
⇠ dp2

?
p4

?
. (1.13)

This cross section is an inclusive number. Thus, if a single hadron-hadron event contains
two parton-parton interactions, it will “count” twice in �

2!2

but only once in �
tot

, and so
on. In the limit that all the interactions are independent and equivalent, one would have

�
2!2

(p?min

) = hni(p?min

) �
tot

, (1.14)

with hni(p?min

) giving the average of a Poisson distribution in the number of parton-parton
interactions above p?min

per hadron-hadron collision,

P
n

(p?min

) = (hni(p?min

))n

exp (�hni(p?min

))

n!
. (1.15)

This simple argument in fact expresses unitarity; instead of the total interaction cross section
diverging as p?min

! 0 (which would violate unitarity), we have restated the problem so that
it is now the number of MPI per collision that diverges, with the total cross section remaining
finite. At LHC energies, the 2 ! 2 scattering cross sections computed using the full LO
QCD cross section folded with modern PDFs becomes larger than the total pp one for p?
values of order 4–5 GeV [74]. One therefore expects the average number of perturbative MPI
to exceed unity at around that scale.

Two important ingredients remain to fully regulate the remaining divergence. Firstly,
the interactions cannot use up more momentum than is available in the parent hadron.
This suppresses the large-n tail of the estimate above. In PYTHIA-based models, the MPI
are ordered in p?, and the parton densities for each successive interaction are explicitly
constructed so that the sum of x fractions can never be greater than unity. In the HERWIG
models, instead the uncorrelated estimate of hni above is used as an initial guess, but the
generation of actual MPI is stopped once the energy-momentum conservation limit is reached.

The second ingredient invoked to suppress the number of interactions, at low p? and
x, is color screening; if the wavelength ⇠ 1/p? of an exchanged colored parton becomes
larger than a typical color-anticolor separation distance, it will only see an average color
charge that vanishes in the limit p? ! 0, hence leading to suppressed interactions. This
provides an infrared cuto↵ for MPI similar to that provided by the hadronization scale for
parton showers. A first estimate of the color-screening cuto↵ would be the proton size,
p?min

⇡ ~/r
p

⇡ 0.3 GeV ⇡ ⇤
QCD

, but empirically this appears to be far too low. In current

18

to additional reconstructible jets is, however, quite small. Soft interactions that do not give
rise to observable jets are much more plentiful, and can give significant corrections to the
color flow and total scattered energy of the event. This a↵ects the final-state activity in a
more global way, increasing multiplicity and summed E

T

distributions, and contributing to
the break-up of the beam remnants in the forward direction.

The first detailed Monte Carlo model for perturbative MPI was proposed in [62], and
with some variation this still forms the basis for most modern implementations. Some useful
additional references can be found in [15]. The first crucial observation is that the t-channel
propagators appearing in perturbative QCD 2 ! 2 scattering almost go on shell at low p?,
causing the di↵erential cross sections to become very large, behaving roughly as

d�
2!2

/ dt

t2
⇠ dp2

?
p4

?
. (1.13)

This cross section is an inclusive number. Thus, if a single hadron-hadron event contains
two parton-parton interactions, it will “count” twice in �

2!2

but only once in �
tot

, and so
on. In the limit that all the interactions are independent and equivalent, one would have

�
2!2

(p?min

) = hni(p?min

) �
tot

, (1.14)

with hni(p?min

) giving the average of a Poisson distribution in the number of parton-parton
interactions above p?min

per hadron-hadron collision,

P
n

(p?min

) = (hni(p?min

))n

exp (�hni(p?min

))

n!
. (1.15)

This simple argument in fact expresses unitarity; instead of the total interaction cross section
diverging as p?min

! 0 (which would violate unitarity), we have restated the problem so that
it is now the number of MPI per collision that diverges, with the total cross section remaining
finite. At LHC energies, the 2 ! 2 scattering cross sections computed using the full LO
QCD cross section folded with modern PDFs becomes larger than the total pp one for p?
values of order 4–5 GeV [74]. One therefore expects the average number of perturbative MPI
to exceed unity at around that scale.

Two important ingredients remain to fully regulate the remaining divergence. Firstly,
the interactions cannot use up more momentum than is available in the parent hadron.
This suppresses the large-n tail of the estimate above. In PYTHIA-based models, the MPI
are ordered in p?, and the parton densities for each successive interaction are explicitly
constructed so that the sum of x fractions can never be greater than unity. In the HERWIG
models, instead the uncorrelated estimate of hni above is used as an initial guess, but the
generation of actual MPI is stopped once the energy-momentum conservation limit is reached.

The second ingredient invoked to suppress the number of interactions, at low p? and
x, is color screening; if the wavelength ⇠ 1/p? of an exchanged colored parton becomes
larger than a typical color-anticolor separation distance, it will only see an average color
charge that vanishes in the limit p? ! 0, hence leading to suppressed interactions. This
provides an infrared cuto↵ for MPI similar to that provided by the hadronization scale for
parton showers. A first estimate of the color-screening cuto↵ would be the proton size,
p?min

⇡ ~/r
p

⇡ 0.3 GeV ⇡ ⇤
QCD

, but empirically this appears to be far too low. In current

18

Parton-Parton Cross Section Hadron-Hadron Cross Section

= Allow several parton-parton interactions per hadron-hadron collision. Requires extended factorization ansatz.

to additional reconstructible jets is, however, quite small. Soft interactions that do not give
rise to observable jets are much more plentiful, and can give significant corrections to the
color flow and total scattered energy of the event. This a⇥ects the final-state activity in a
more global way, increasing multiplicity and summed ET distributions, and contributing to
the break-up of the beam remnants in the forward direction.

The first detailed Monte Carlo model for perturbative MPI was proposed in [62], and
with some variation this still forms the basis for most modern implementations. Some useful
additional references can be found in [15]. The first crucial observation is that the t-channel
propagators appearing in perturbative QCD 2 ⌅ 2 scattering almost go on shell at low p⇥,
causing the di⇥erential cross sections to become very large, behaving roughly as
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This simple argument in fact expresses unitarity; instead of the total interaction cross section
diverging as p⇥min ⌅ 0 (which would violate unitarity), we have restated the problem so that
it is now the number of MPI per collision that diverges, with the total cross section remaining
finite. At LHC energies, the 2 ⌅ 2 scattering cross sections computed using the full LO
QCD cross section folded with modern PDFs becomes larger than the total pp one for p⇥
values of order 4–5 GeV [74]. One therefore expects the average number of perturbative MPI
to exceed unity at around that scale.

Two important ingredients remain to fully regulate the remaining divergence. Firstly,
the interactions cannot use up more momentum than is available in the parent hadron.
This suppresses the large-n tail of the estimate above. In PYTHIA-based models, the MPI
are ordered in p⇥, and the parton densities for each successive interaction are explicitly
constructed so that the sum of x fractions can never be greater than unity. In the HERWIG
models, instead the uncorrelated estimate of ⌥n� above is used as an initial guess, but the
generation of actual MPI is stopped once the energy-momentum conservation limit is reached.

The second ingredient invoked to suppress the number of interactions, at low p⇥ and
x, is color screening; if the wavelength ⇥ 1/p⇥ of an exchanged colored parton becomes
larger than a typical color-anticolor separation distance, it will only see an average color
charge that vanishes in the limit p⇥ ⌅ 0, hence leading to suppressed interactions. This
provides an infrared cuto⇥ for MPI similar to that provided by the hadronization scale for
parton showers. A first estimate of the color-screening cuto⇥ would be the proton size,
p⇥min ⇤ �/rp ⇤ 0.3 GeV ⇤ �QCD, but empirically this appears to be far too low. In current
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to additional reconstructible jets is, however, quite small. Soft interactions that do not give
rise to observable jets are much more plentiful, and can give significant corrections to the
color flow and total scattered energy of the event. This a↵ects the final-state activity in a
more global way, increasing multiplicity and summed E

T

distributions, and contributing to
the break-up of the beam remnants in the forward direction.

The first detailed Monte Carlo model for perturbative MPI was proposed in [62], and
with some variation this still forms the basis for most modern implementations. Some useful
additional references can be found in [15]. The first crucial observation is that the t-channel
propagators appearing in perturbative QCD 2 ! 2 scattering almost go on shell at low p?,
causing the di↵erential cross sections to become very large, behaving roughly as
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it is now the number of MPI per collision that diverges, with the total cross section remaining
finite. At LHC energies, the 2 ! 2 scattering cross sections computed using the full LO
QCD cross section folded with modern PDFs becomes larger than the total pp one for p?
values of order 4–5 GeV [74]. One therefore expects the average number of perturbative MPI
to exceed unity at around that scale.

Two important ingredients remain to fully regulate the remaining divergence. Firstly,
the interactions cannot use up more momentum than is available in the parent hadron.
This suppresses the large-n tail of the estimate above. In PYTHIA-based models, the MPI
are ordered in p?, and the parton densities for each successive interaction are explicitly
constructed so that the sum of x fractions can never be greater than unity. In the HERWIG
models, instead the uncorrelated estimate of hni above is used as an initial guess, but the
generation of actual MPI is stopped once the energy-momentum conservation limit is reached.

The second ingredient invoked to suppress the number of interactions, at low p? and
x, is color screening; if the wavelength ⇠ 1/p? of an exchanged colored parton becomes
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are ordered in p?, and the parton densities for each successive interaction are explicitly
constructed so that the sum of x fractions can never be greater than unity. In the HERWIG
models, instead the uncorrelated estimate of hni above is used as an initial guess, but the
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rise to observable jets are much more plentiful, and can give significant corrections to the
color flow and total scattered energy of the event. This a⇥ects the final-state activity in a
more global way, increasing multiplicity and summed ET distributions, and contributing to
the break-up of the beam remnants in the forward direction.

The first detailed Monte Carlo model for perturbative MPI was proposed in [62], and
with some variation this still forms the basis for most modern implementations. Some useful
additional references can be found in [15]. The first crucial observation is that the t-channel
propagators appearing in perturbative QCD 2 ⌅ 2 scattering almost go on shell at low p⇥,
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the interactions cannot use up more momentum than is available in the parent hadron.
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constructed so that the sum of x fractions can never be greater than unity. In the HERWIG
models, instead the uncorrelated estimate of ⌥n� above is used as an initial guess, but the
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→ momentum spectra 

too hard

Min-Bias 
region

Min-Bias 
region

PYTHIA 8 a bit
too low?
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PYTHIA

Underlying Event: RMS
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All in all
Amazing agreement

Measures the event-by-event FLUCTUATIONS of the Underlying Event

Never previously 
measured. Not 
used for tuning.

D6T has too 
large RMS
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Min-Bias: Inclusive Particles
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Average <Nch> OK to within ~ 10%
(better with cut at 500 MeV/c)

Need more studies of 
high-multiplicity events
(related to UE)

Tail of Nch 
distribution is 
challenging

dNch/dη 
Nch≥20, pT > 100 MeV/c

P(Nch) 
pT > 100 MeV/c
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Min-Bias: <pT> vs Nch
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PYTHIA 6 (Perugia 2011)

Too much CR?

PYTHIA 8

without
CR

Peripheral (MB) Central (UE)

Average particles slightly too hard
→ Too much energy, or energy distributed on too few particles

Average particles slightly too soft
→ Too little energy, or energy distributed on too many particles

Extrapolation to high multiplicity ~ UE

~ OK?

Plots from mcplots.cern.ch

D
iff

ra
ct

iv
e?

Independent Particle Production:
→ averages stay the same

Color Correlations / Jets / Collective effects: 
→ average rises

+ +

Evolution of other distributions with Nch also 
interesting: e.g., <pT>(Nch) for identified particles, 
strangeness & baryon ratios, 2P correlations, … 

ATLAS 2010

http://mcplots.cern.ch
http://mcplots.cern.ch
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PYTHIA

Diffraction in PYTHIA 6
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PYTHIA 8 Status
Diffraction

! Comparisons to PYTHIA 6 and PHOJET have been made
e.g. p⊥ distribution of single diffractive events
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SD

and ⌅el = ⌅2
tot/16⇤Bel. The elastic slope parameter is parameterized by

Bel = BAB
el (s) = 2bA + 2bB + 4s� � 4.2 , (115)

with s given in units of GeV and Bel in GeV�2. The constants bA,B are bp = 2.3, b⇥,⇤,⌃,⌅ =
1.4, bJ/⇧ = 0.23. The increase of the slope parameter with c.m. energy is faster than
the logarithmically one conventionally assumed; that way the ratio ⌅el/⌅tot remains well-
behaved at large energies.

The di�ractive cross sections are given by

d⌅sd(XB)(s)

dt dM2
=

g3IP

16⇤
⇥AIP ⇥2

BIP

1

M2
exp(Bsd(XB)t) Fsd ,

d⌅sd(AX)(s)

dt dM2
=

g3IP

16⇤
⇥2

AIP ⇥BIP
1

M2
exp(Bsd(AX)t) Fsd ,

d⌅dd(s)

dt dM2
1 dM2

2

=
g2
3IP

16⇤
⇥AIP ⇥BIP

1

M2
1

1

M2
2

exp(Bddt) Fdd . (116)

The couplings ⇥AIP are related to the pomeron term XABs� of the total cross section
parameterization, eq. (112). Picking a reference scale

⇤
sref = 20 GeV, the couplings are

given by ⇥AIP⇥BIP = XAB s�
ref . The triple-pomeron coupling is determined from single-

di�ractive data to be g3IP ⇥ 0.318 mb1/2; within the context of the formulae in this
section.

The spectrum of di�ractive masses M is taken to begin 0.28 GeV ⇥ 2m⇥ above the
mass of the respective incoming particle and extend to the kinematical limit. The simple
dM2/M2 form is modified by the mass-dependence in the di�ractive slopes and in the Fsd

and Fdd factors (see below).
The slope parameters are assumed to be

Bsd(XB)(s) = 2bB + 2�⇥ ln
�

s

M2

⇥
,

Bsd(AX)(s) = 2bA + 2�⇥ ln
�

s

M2

⇥
,

Bdd(s) = 2�⇥ ln

⇤

e4 +
ss0

M2
1 M2

2

⌅

. (117)

Here �⇥ = 0.25 GeV�2 and conventionally s0 is picked as s0 = 1/�⇥. The term e4 in Bdd is
added by hand to avoid a breakdown of the standard expression for large values of M2

1 M2
2 .

The bA,B terms protect Bsd from breaking down; however a minimum value of 2 GeV�2

is still explicitly required for Bsd, which comes into play e.g. for a J/⇧ state (as part of a
VMD photon beam).

The kinematical range in t depends on all the masses of the problem. In terms of
the scaled variables µ1 = m2

A/s, µ2 = m2
B/s, µ3 = M2

(1)/s (= m2
A/s when A scatters

elastically), µ4 = M2
(2)/s (= m2

B/s when B scatters elastically), and the combinations

C1 = 1� (µ1 + µ2 + µ3 + µ4) + (µ1 � µ2)(µ3 � µ4) ,

C2 =
⇧

(1� µ1 � µ2)2 � 4µ1µ2

⇧
(1� µ3 � µ4)2 � 4µ3µ4 ,

C3 = (µ3 � µ1)(µ4 � µ2) + (µ1 + µ4 � µ2 � µ3)(µ1µ4 � µ2µ3) , (118)

one has tmin < t < tmax with

tmin = �s

2
(C1 + C2) ,

tmax = �s

2
(C1 � C2) = �s

2

4C3

C1 + C2
=

s2C3

tmin
. (119)

113

Diffractive Cross Section Formulæ:

PY6
No diffr jets

PY8 & PHOJET

include diffr jets

Very soft spectra without POMPYT

2 mpi< MD < 1 GeV: 2-body decay
MD > 1 GeV : string fragmentation

Spectra:

Only in POMPYT addon (P. Bruni, A. Edin, 
G. Ingelman)     high-pT “jetty” diffraction absent

Partonic Substructure in Pomeron:

Status: Supported, but not actively developed
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PYTHIA

Diffraction in PYTHIA 8

47

PYTHIA 8 Status
Diffraction

! Comparisons to PYTHIA 6 and PHOJET have been made
e.g. p⊥ distribution of single diffractive events
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SD

and ⌅el = ⌅2
tot/16⇤Bel. The elastic slope parameter is parameterized by

Bel = BAB
el (s) = 2bA + 2bB + 4s� � 4.2 , (115)

with s given in units of GeV and Bel in GeV�2. The constants bA,B are bp = 2.3, b⇥,⇤,⌃,⌅ =
1.4, bJ/⇧ = 0.23. The increase of the slope parameter with c.m. energy is faster than
the logarithmically one conventionally assumed; that way the ratio ⌅el/⌅tot remains well-
behaved at large energies.

The di�ractive cross sections are given by

d⌅sd(XB)(s)

dt dM2
=

g3IP

16⇤
⇥AIP ⇥2

BIP

1

M2
exp(Bsd(XB)t) Fsd ,

d⌅sd(AX)(s)

dt dM2
=

g3IP

16⇤
⇥2

AIP ⇥BIP
1

M2
exp(Bsd(AX)t) Fsd ,

d⌅dd(s)

dt dM2
1 dM2

2

=
g2
3IP

16⇤
⇥AIP ⇥BIP

1

M2
1

1

M2
2

exp(Bddt) Fdd . (116)

The couplings ⇥AIP are related to the pomeron term XABs� of the total cross section
parameterization, eq. (112). Picking a reference scale

⇤
sref = 20 GeV, the couplings are

given by ⇥AIP⇥BIP = XAB s�
ref . The triple-pomeron coupling is determined from single-

di�ractive data to be g3IP ⇥ 0.318 mb1/2; within the context of the formulae in this
section.

The spectrum of di�ractive masses M is taken to begin 0.28 GeV ⇥ 2m⇥ above the
mass of the respective incoming particle and extend to the kinematical limit. The simple
dM2/M2 form is modified by the mass-dependence in the di�ractive slopes and in the Fsd

and Fdd factors (see below).
The slope parameters are assumed to be

Bsd(XB)(s) = 2bB + 2�⇥ ln
�

s

M2

⇥
,

Bsd(AX)(s) = 2bA + 2�⇥ ln
�

s

M2

⇥
,

Bdd(s) = 2�⇥ ln

⇤

e4 +
ss0

M2
1 M2

2

⌅

. (117)

Here �⇥ = 0.25 GeV�2 and conventionally s0 is picked as s0 = 1/�⇥. The term e4 in Bdd is
added by hand to avoid a breakdown of the standard expression for large values of M2

1 M2
2 .

The bA,B terms protect Bsd from breaking down; however a minimum value of 2 GeV�2

is still explicitly required for Bsd, which comes into play e.g. for a J/⇧ state (as part of a
VMD photon beam).

The kinematical range in t depends on all the masses of the problem. In terms of
the scaled variables µ1 = m2

A/s, µ2 = m2
B/s, µ3 = M2

(1)/s (= m2
A/s when A scatters

elastically), µ4 = M2
(2)/s (= m2

B/s when B scatters elastically), and the combinations

C1 = 1� (µ1 + µ2 + µ3 + µ4) + (µ1 � µ2)(µ3 � µ4) ,

C2 =
⇧

(1� µ1 � µ2)2 � 4µ1µ2

⇧
(1� µ3 � µ4)2 � 4µ3µ4 ,

C3 = (µ3 � µ1)(µ4 � µ2) + (µ1 + µ4 � µ2 � µ3)(µ1µ4 � µ2µ3) , (118)

one has tmin < t < tmax with

tmin = �s

2
(C1 + C2) ,

tmax = �s

2
(C1 � C2) = �s

2

4C3

C1 + C2
=

s2C3

tmin
. (119)
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Diffractive Cross Section Formulæ:PYTHIA 8 Status
Diffraction

! New framework for high-mass diffractive events (with Sparsh Navin)
! Follows the approach of Pompyt (P. Bruni, A. Edin and G. Ingelman)
! Total diffractive cross sections parameterised as before

! Introduce pomeron flux fIP/p(xIP, t)

xIP =
EIP
Ep

, t = (pi − p′

i )
2
, M2

X = xIPs

! Factorise proton-pomeron hard scattering

fp1/p(x1,Q2) fp2/IP(x2,Q2)
dσ̂
dt̂

pi

pj

p
′

i

xg

x
LRG

X

! Existing PYTHIA machinery used to simulate interaction
! Initialise MPI framework for a set of different diffractive
mass values; interpolate in between

Richard Corke (Lund University) January 2010 14 / 18

PYTHIA 8 Status
Diffraction

! MX ≤ 10GeV: original longitudinal string description used
! MX > 10GeV: new perturbative description used
! Four parameterisations of the pomeron flux available
! Five choices for pomeron PDFs

! Q2-independent parameterisations, xIP f (xIP) = N xaIP (1− xIP)b
! Pion PDF (one built in, others through LHAPDF)
! H1 NLO fits: 2006 Fit A, 2006 Fit B and 2007 Jets

! Single and double diffraction included
! Central diffraction a future possibility
! Still to be tuned

Richard Corke (Lund University) January 2010 15 / 18

Partonic Substructure in Pomeron:

Follows the  Ingelman-
Schlein approach of 

Pompyt

Diffraction
Ingelman-Schlein: Pomeron as hadron with partonic content
Diffractive event = (Pomeron flux) × (IPp collision)

p
p

IP

p

Used e.g. in
POMPYT
POMWIG
PHOJET

1) σSD and σDD taken from existing parametrization or set by user.
2) Shape of Pomeron distribution inside a proton, fIP/p(xIP, t)
gives diffractive mass spectrum and scattering p⊥ of proton.
3) At low masses retain old framework, with longitudinal string(s).
Above 10 GeV begin smooth transition to IPp handled with full pp
machinery: multiple interactions, parton showers, beam remnants, . . . .
4) Choice between 5 Pomeron PDFs.
Free parameter σIPp needed to fix 〈ninteractions〉 = σjet/σIPp.
5) Framework needs testing and tuning, e.g. of σIPp.

Diffraction
Ingelman-Schlein: Pomeron as hadron with partonic content
Diffractive event = (Pomeron flux) × (IPp collision)

p
p

IP

p

Used e.g. in
POMPYT
POMWIG
PHOJET

1) σSD and σDD taken from existing parametrization or set by user.
2) Shape of Pomeron distribution inside a proton, fIP/p(xIP, t)
gives diffractive mass spectrum and scattering p⊥ of proton.
3) At low masses retain old framework, with longitudinal string(s).
Above 10 GeV begin smooth transition to IPp handled with full pp
machinery: multiple interactions, parton showers, beam remnants, . . . .
4) Choice between 5 Pomeron PDFs.
Free parameter σIPp needed to fix 〈ninteractions〉 = σjet/σIPp.
5) Framework needs testing and tuning, e.g. of σIPp.

Diffraction
Ingelman-Schlein: Pomeron as hadron with partonic content
Diffractive event = (Pomeron flux) × (IPp collision)

p
p

IP

p

Used e.g. in
POMPYT
POMWIG
PHOJET

1) σSD and σDD taken from existing parametrization or set by user.
2) Shape of Pomeron distribution inside a proton, fIP/p(xIP, t)
gives diffractive mass spectrum and scattering p⊥ of proton.
3) At low masses retain old framework, with longitudinal string(s).
Above 10 GeV begin smooth transition to IPp handled with full pp
machinery: multiple interactions, parton showers, beam remnants, . . . .
4) Choice between 5 Pomeron PDFs.
Free parameter σIPp needed to fix 〈ninteractions〉 = σjet/σIPp.
5) Framework needs testing and tuning, e.g. of σIPp.

(incl full MPI+showers for       system)

Diffraction
Ingelman-Schlein: Pomeron as hadron with partonic content
Diffractive event = (Pomeron flux) × (IPp collision)

p
p

IP

p

Used e.g. in
POMPYT
POMWIG
PHOJET

1) σSD and σDD taken from existing parametrization or set by user.
2) Shape of Pomeron distribution inside a proton, fIP/p(xIP, t)
gives diffractive mass spectrum and scattering p⊥ of proton.
3) At low masses retain old framework, with longitudinal string(s).
Above 10 GeV begin smooth transition to IPp handled with full pp
machinery: multiple interactions, parton showers, beam remnants, . . . .
4) Choice between 5 Pomeron PDFs.
Free parameter σIPp needed to fix 〈ninteractions〉 = σjet/σIPp.
5) Framework needs testing and tuning, e.g. of σIPp.

Navin, arXiv:1005.3894

PYTHIA 8

PY6
No diffr jets

PY8 & PHOJET

include diffr jets
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PYTHIA

Diffraction
Framework needs testing and tuning

E.g., interplay between non-diffractive and diffractive components

+ LEP tuning used directly for diffractive modeling
Hadronization preceded by shower at LEP, but not in diffraction → dedicated diffraction 
tuning of fragmentation pars?

Study 
this 

bump

+ Little experience with new 
PYTHIA 8 MPI component in 
high-mass diffractive events 
→ This component especially needs 
testing and tuning

E.g., look at nch and pT spectra in 
high-mass (>10GeV) diffraction

(Not important for UE as such, but 
can be important if using 
PYTHIA to simulate pile-up!)
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Diffraction
Ingelman-Schlein: Pomeron as hadron with partonic content
Diffractive event = (Pomeron flux) × (IPp collision)

p
p

IP

p

Used e.g. in
POMPYT
POMWIG
PHOJET

1) σSD and σDD taken from existing parametrization or set by user.
2) Shape of Pomeron distribution inside a proton, fIP/p(xIP, t)
gives diffractive mass spectrum and scattering p⊥ of proton.
3) At low masses retain old framework, with longitudinal string(s).
Above 10 GeV begin smooth transition to IPp handled with full pp
machinery: multiple interactions, parton showers, beam remnants, . . . .
4) Choice between 5 Pomeron PDFs.
Free parameter σIPp needed to fix 〈ninteractions〉 = σjet/σIPp.
5) Framework needs testing and tuning, e.g. of σIPp.determines level of UE in high-mass diffraction through <nMPI>

Diffraction
Ingelman-Schlein: Pomeron as hadron with partonic content
Diffractive event = (Pomeron flux) × (IPp collision)

p
p

IP

p

Used e.g. in
POMPYT
POMWIG
PHOJET

1) σSD and σDD taken from existing parametrization or set by user.
2) Shape of Pomeron distribution inside a proton, fIP/p(xIP, t)
gives diffractive mass spectrum and scattering p⊥ of proton.
3) At low masses retain old framework, with longitudinal string(s).
Above 10 GeV begin smooth transition to IPp handled with full pp
machinery: multiple interactions, parton showers, beam remnants, . . . .
4) Choice between 5 Pomeron PDFs.
Free parameter σIPp needed to fix 〈ninteractions〉 = σjet/σIPp.
5) Framework needs testing and tuning, e.g. of σIPp.

(Larger         → smaller UE)

Diffraction
Ingelman-Schlein: Pomeron as hadron with partonic content
Diffractive event = (Pomeron flux) × (IPp collision)

p
p

IP

p

Used e.g. in
POMPYT
POMWIG
PHOJET

1) σSD and σDD taken from existing parametrization or set by user.
2) Shape of Pomeron distribution inside a proton, fIP/p(xIP, t)
gives diffractive mass spectrum and scattering p⊥ of proton.
3) At low masses retain old framework, with longitudinal string(s).
Above 10 GeV begin smooth transition to IPp handled with full pp
machinery: multiple interactions, parton showers, beam remnants, . . . .
4) Choice between 5 Pomeron PDFs.
Free parameter σIPp needed to fix 〈ninteractions〉 = σjet/σIPp.
5) Framework needs testing and tuning, e.g. of σIPp.
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Pile-Up
Processes with no hard scale: 

Larger uncertainties → Good UE does not guarantee good pile-up. 

Error of 50% on a soft component → not bad. 

Multiply it by 60 Pile-Up interactions → bad!

Calibration & filtering 

Good at recovering jet calibration (with loss of resolution), 

But missing energy and isolation sensitive to modeling. 

49

= additional zero-bias interactions (contain more diffraction than ordinary min-bias)

H→WW H→γγ? (E.g., γγ studies by ATLAS, CMS, CDF, D0)



P. Skands

Pile-Up
Processes with no hard scale: 

Larger uncertainties → Good UE does not guarantee good pile-up. 

Error of 50% on a soft component → not bad. 

Multiply it by 60 Pile-Up interactions → bad!

Calibration & filtering 

Good at recovering jet calibration (with loss of resolution), 

But missing energy and isolation sensitive to modeling. 

Models 

MC models so far: problems describing both MB & UE simultaneously 
→ Consider using dedicated MB/diffraction model for pile-up

(UE/MB tension may be resolved in 2012 (eg. studies by R. Field), but for now must live with it)

Experimentalists advised to use unbiased data for PU (when possible)

49

= additional zero-bias interactions (contain more diffraction than ordinary min-bias)

H→WW H→γγ? (E.g., γγ studies by ATLAS, CMS, CDF, D0)


