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๏PYTHIA anno 1978 
•(then called JETSET)

M o n a s h  U n i v e r s i t y

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Now superseded by the String (in PYTHIA) and 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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CPC 191 (2015) p.159-177
October, 2014

An Introduction to PYTHIA 8.2

T. Sjöstrand et al. (10 authors)

The Pythia program is a standard tool 
for the generation of events in high-
energy collisions, comprising a 
coherent set of physics models for the 
evolution from a few-body hard process 
to a complex multiparticle final state. 
It contains a library of hard 
processes, models for initial- and 
final-state parton showers, matching 
and merging methods between hard 
processes and parton showers, 
multiparton interactions, beam 
remnants, string fragmentation and 
particle decays. It also has a set of 
utilities and several interfaces …

Fast-Forward ~ 40 Years
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๏PYTHIA anno 2016 
•(now called PYTHIA 8)

M o n a s h  U n i v e r s i t y

~ 100,000 lines of C++

• Hard Processes (internal, inter-
faced, 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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The Main Workhorses
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๏PYTHIA (begun 1978) 
Originated in hadronisation studies: Lund String model  

Still special emphasis on soft physics 

๏HERWIG (begun 1984) 
Originated in coherence studies: angular-ordered showers 

Cluster hadronisation as simple complement 

๏SHERPA (begun ~2000)  
Originated in “matching” of matrix elements to showers 
(CKKW-L), with own internal matrix-element generator(s) 

๏+ Many more specialised:  
๏Matrix-Element Generators, Matching/Merging Packages 
๏Soft-QCD, Cosmic-Ray, and Heavy-Ion Generators 
๏(BSM) Model Generators, Decay Packages, Alternative QCD showers, … 

M o n a s h  U n i v e r s i t y

The workhorses

Herwig, PYTHIA and Sherpa o↵er convenient frameworks
for LHC physics studies, covering all aspects above,
but with slightly di↵erent history/emphasis:

PYTHIA (successor to JETSET, begun in 1978):
originated in hadronization studies,
still special interest in soft physics.

Herwig (successor to EARWIG, begun in 1984):
originated in coherent showers (angular ordering),
cluster hadronization as simple complement.

Sherpa (APACIC++/AMEGIC++, begun in 2000):
had own matrix-element calculator/generator
originated with matching & merging issues.
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From Partons to Pions
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Here’s a fast parton

It showers 
(bremsstrahlung)

It ends up  
at a low effective 
factorization scale  
Q ~ mρ ~ 1 GeV

Fast: It starts at a high 
factorization scale 

Q = QF = Qhard

Qhard
1 

GeV

Q
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Q

From Partons to Pions
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Here’s a fast parton

How about I just call it a hadron?
→ “Local Parton-Hadron Duality”

Qhard 1 GeV

It showers 
(bremsstrahlung)

It ends up  
at a low effective 
factorization scale  
Q ~ mρ ~ 1 GeV

Fast: It starts at a high 
factorization scale 

Q = QF = Qhard
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Parton → Hadrons?
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q
π 

π 
π 

๏Early models: “Independent Fragmentation”  
•Local Parton Hadron Duality (LPHD) can give useful results 
for inclusive quantities in collinear fragmentation 

•Motivates a simple model: 

๏But …  
•The point of confinement is that partons are coloured  
•Hadronisation = the process of colour neutralisation 

๏→ Unphysical to think about independent fragmentation of a 
single parton into hadrons 
๏→ Too naive to see LPHD (inclusive) as a justification for 
Independent Fragmentation (exclusive) 
๏→ More physics needed

M o n a s h  U n i v e r s i t y

“Independent Fragmentation”



P e t e r  S k a n d s

Colour Neutralisation
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Early times 
(perturbative)

Late times 
(non-perturbative)

Strong “confining” field emerges between the two 
charges when their separation > ~ 1fm
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๏ A physical hadronization model  
• Should involve at least TWO partons, with 

opposite color charges (e.g., R and anti-R) 

M o n a s h  U n i v e r s i t y



P e t e r  S k a n d s

Which Charges? Colour Flow
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๏After the parton shower finishes, there can be lots of 
partons, 𝒪(10-100). The main question is therefore:  
๏Between which partons do confining potentials arise? 

•MC generators use a simple set of rules for color flow, based 
on large-NC limit (valid to ~ 1/NC

2 ~ 10%)

M o n a s h  U n i v e r s i t y

Illustrations from: Nason & Skands, PDG Review on MC Event Generators, 2014

q ! qg

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.
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Color Flow
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๏For an entire Cascade

M o n a s h  U n i v e r s i t y

Example: Z0 → qq
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partons are indicated by the dashed lines.
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String #1 String #2 String #3

Coherence of pQCD cascades → not much “overlap” between strings  
→ Leading-colour approximation pretty good 

(LEP measurements in e+e-→W+W-→hadrons confirm this (at least to order 10% ~ 1/Nc2 ))

1 1
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Note: (much) more color getting kicked around in hadron collisions. 
Signs that LC approximation is breaking down? 

 see, e.g., Christiansen, Skands JHEP 1508 (2015) 003 

http://arxiv.org/abs/arXiv:1505.01681


P e t e r  S k a n d s

The Ultimate Limit: Wavelengths > 10-15
 m
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P.  S k a n d s

Long Wavelengths > 10-15 m

๏Quark-Antiquark Potential 
•As function of separation distance
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FIG. 4. All potential data of the five lattices have been scaled to a universal curve by subtracting Vo and measuring energies and

distances in appropriate units of &E. The dashed curve correspond to V(R)=R —~/12R. Physical units are calculated by exploit-
ing the relation &cr =420 MeV.

AM~a=46. 1A~ &235(2)(13) MeV .

Needless to say, this value does not necessarily apply to
full QCD.
In addition to the long-range behavior of the confining

potential it is of considerable interest to investigate its ul-
traviolet structure. As we proceed into the weak cou-
pling regime lattice simulations are expected to meet per-

turbative results. Although we are aware that our lattice
resolution is not yet really suScient, we might dare to
previe~ the continuum behavior of the Coulomb-like
term from our results. In Fig. 6(a) [6(b)] we visualize the
confidence regions in the K-e plane from fits to various
on- and off-axis potentials on the 32 lattices at P=6.0
[6.4]. We observe that the impact of lattice discretization
on e decreases by a factor 2, as we step up from P=6.0 to

150
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Our results:---
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FIG. 5. The on-axis string tension [in units of the quantity c =&E /(a AL ) ] as a function of P. Our results are combined with pre-
vious values obtained by the MTc collaboration [10]and Barkai, Moriarty, and Rebbi [11].

~ Force required to lift a 16-ton truck

LATTICE QCD SIMULATION. 
Bali and Schilling Phys Rev D46 (1992) 2636

What physical!
system has a !
linear potential?

Short Distances ~ “Coulomb”

“Free” Partons

Long Distances ~ Linear Potential

“Confined” Partons 
(a.k.a. Hadrons)

(in “quenched” approximation)
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From Partons to Strings
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๏Motivates a model: 
•Let color field collapse into 
a (infinitely) narrow flux 
tube of uniform energy 
density κ ~ 1 GeV / fm 

•→ Relativistic 1+1 
dimensional worldsheet  

M o n a s h  U n i v e r s i t y

Pedagogical Review: B. Andersson, The Lund model. 
Camb. Monogr. Part. Phys. Nucl. Phys. Cosmol., 1997.

String

P.  S k a n d s

String Breaks

๏In QCD, strings can (and do) break! 
•(In superconductors, would require magnetic monopoles) 
•In QCD, the roles of electric and magnetic are reversed 
•Quarks (and antiquarks) are “chromoelectric monopoles” 
•There are at least two possible analogies ~ tunneling:

18

Schwinger Effect
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Non-perturbative creation 
of e+e- pairs in a strong 
external Electric field
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of radiation quanta in a 
strong gravitational field
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๏In “unquenched” QCD 
•g→qq → The strings will break

→ Gaussian pT spectrum
Heavier quarks suppressed. Prob(q=d,u,s,c) ≈ 1 : 1 : 0.2 : 10-11 
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(Note on the Length of Strings)
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๏In Space:  
•String tension ≈ 1 GeV/fm → a 5-GeV quark can travel 5 fm before 
all its kinetic energy is transformed to potential energy in the string.  

•Then it must start moving the other way. String breaks will have 
happened behind it → yo-yo model of mesons 

๏In Rapidity :

M o n a s h  U n i v e r s i t y

y =
1

2
ln

✓
E + pz
E � pz

◆
=

1

2
ln

✓
(E + pz)2

E2 � p2z

◆

y
max

⇠ ln

✓
2Eq

m⇡

◆
For a pion with z=1 along string direction  
(For beam remnants, use a proton mass):

Note: Constant average hadron 
multiplicity per unit y → logarithmic 

growth of total multiplicity
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The (Lund) String Model
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Map: 

• Quarks → String 
Endpoints 

• Gluons → Transverse 
Excitations (kinks) 

• Physics then in terms of 
string worldsheet 
evolving in spacetime 

• Probability of string 
break (by quantum 
tunneling) constant per 
unit area → AREA LAW

Simple space-time picture
Details of string breaks more complicated (e.g., baryons, spin multiplets)

→ STRING EFFECT



1980: string (colour coherence) e↵ect

quark

antiquark

gluon

string motion in the event plane
(without breakups)

Predicted unique event structure;
inside & between jets.
Confirmed first by JADE 1980.

Generator crucial
to sell physics!

(today: PS, M&M, MPI, . . . )

Torbjörn Sjöstrand Status and Developments of Event Generators slide 5/28
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Differences Between Quark and Gluon Jets
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Figure 5: The jet pT dependence of (a) the di↵erence in the average charged-particle multiplicity (ptrack
T > 0.5 GeV)

between the more forward and the more central jet. The band for the data is the sum in quadrature of the systematic
and statistical uncertainties and the error bars on the data points represent the statistical uncertainty. Bands on the
simulation include MC statistical uncertainty. The jet pT dependence of (b) the average charged-particle multiplicity
(ptrack

T > 0.5 GeV) for quark- and gluon-initiated jets, extracted with the gluon fractions from Pythia 8.175 with the
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uncertainty, the more forward and more central jet constituent charged-particle multiplicities are consistent with
each other in the last bin.
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Gluon connected to two string pieces

Each quark connected to one string piece

→ expect factor 2 ~ CA/CF larger particle 
multiplicity in gluon jets vs quark jets

Can be hugely important for discriminating new-physics signals (decays to quarks vs 
decays to gluons, vs composition of background and bremsstrahlung combinatorics )

More recent study (LHC) ATLAS, Eur.Phys.J. C76 (2016) no.6, 322 

See also 
Larkoski et al., JHEP 1411 (2014) 129 
Thaler et al., Les Houches, arXiv:1605.04692
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The Effects of Hadronisation
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๏Generally, expect few-hundred MeV shifts by hadronisation 
•Corrections to IR safe observables are “power corrections” 

•Corrections for jets 
•of radius

M o n a s h  U n i v e r s i t y
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Figure 11. The average shift in jet pt induced by hadronisation in a range of Monte Carlo tunes,
for R = 0.4 and R = 0.2 jets, both quark and gluon induced. The shift is shown as a function of
jet pt and is rescaled by a factor RCF /C (C = CF or CA) in order to test the scaling expected
from Eq. (5.1). The left-hand plot shows results from the AUET2 [48] tune of Herwig 6.521 [22, 23]
and the Monash 13 tune [49] of Pythia 8.186 [21], while the right-hand plot shows results from
the Z2 [50] and Perugia 2011 [51, 52] tunes of Pythia 6.428 [20]. The shifts have been obtained
by clustering each Monte Carlo event at both parton and hadron level, matching the two hardest
jets in the two levels and determining the di↵erence in their pt’s. The simple analytical estimate of
0.5GeV ± 20% is shown as a yellow band.

and Pythia 8 Monash 2013 both having somewhat smaller than expected hadronisation

corrections. Secondly there is a strong dependence of the shift on the initial jet pt, with

a variation of roughly a factor of two between pt = 100GeV and pt = 1TeV. Such a pt
dependence is not predicted within simple approaches to hadronisation such as Refs. [19,

43, 46, 47]. It was not observed in Ref. [19] because the Monte Carlo study there restricted

its attention to a limited range of jet pt, 55 � 70GeV. The event shape studies that

provided support for the analytical hadronisation were also limited in the range of scales

they probed, specifically, centre-of-mass energies in the range 40�200GeV (and comparable

photon virtualities in DIS). Note, however, that scale dependence of the hadronisation has

been observed at least once before, in a Monte Carlo study shown in Fig. 8 of Ref. [53]:

e↵ects found there to be associated with hadron masses generated precisely the trend seen

here in Fig. 11. The pt dependence of those e↵ects can be understood analytically, however

we leave their detailed study in a hadron-collider context to future work.13 Experimental

insight into the pt dependence of hadronisation might be possible by examining jet-shape

measurements [55, 56] over a range of pt, however such a study is also beyond the scope of

this work.

In addition to the issues of pt dependence, one further concern regarding the analytical

approach is that it has limited predictive power for the fluctuations of the hadronisation

13Hadron-mass e↵ects have been discussed also in the context of Ref. [54].
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Simple analytical estimate 
→ ~ 0.5 GeV / R correction 
from hadronisation 
(scaled by colour factor)

Dasgupta, Dreyer, 
Salam, Soyez, JHEP 
1606 (2016) 057 

R = �⌘ ⇥��

/ ⇤2
QCD/Q

2
OBS

/ 1/R

Significant differences between codes/tunes  
→ important to pin down with precise QCD hadronisation measurements at LHC

See  
Korchemsky, Sterman, NPB 437 (1995) 415 
Seymour, NPB 513 (1998) 269 
Dasgupta, Magnea, Salam, JHEP 0802 (2008) 055
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The HERWIG Cluster Model

“Preconfinement”:
colour flow is local
in coherent shower evolution

●

subprocess

underlying
event

p

jet jet

p

hard

●

+

0Z

ee −

●

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

3) Clusters decay isotropically to 2 hadrons according to
phase space weight ∼ (2s1 + 1)(2s2 + 1)(2p∗/m)

simple and clean, but . . .

Universal  
spectra!

(Alternative: The Cluster Model)
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๏“Preconfinement” 
•+ Force g→qq splittings at Q0 
•→ high-mass q-qbar “clusters”  
•Isotropic 2-body decays to hadrons 
•according to PS ≈ (2s1+1)(2s2+1)(p*/m)
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The HERWIG Cluster Model

“Preconfinement”:
colour flow is local
in coherent shower evolution

●

subprocess

underlying
event

p

jet jet

p

hard

●

+

0Z

ee −

●

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

3) Clusters decay isotropically to 2 hadrons according to
phase space weight ∼ (2s1 + 1)(2s2 + 1)(2p∗/m)

simple and clean, but . . .

(but high-
mass tail 

problematic)
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Strings and Clusters
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๏ Small strings → clusters. Large clusters → strings
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String vs. Cluster

c

g

g

b

D−
s

Λ
0

n

η

π+

K∗−

φ

K+

π−

B
0

program PYTHIA HERWIG
model string cluster
energy–momentum picture powerful simple

predictive unpredictive
parameters few many
flavour composition messy simple

unpredictive in-between
parameters many few

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

& SHERPA
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Monte Carlos and New Physics
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๏Signal properties  
•Decay distributions, extra jets, jet structure (→ jet calibrations), 
QCD (& EW) corrections to kinematic distributions 

๏Exclusions & “Recasting” of searches 
•Uncertainties / modelling deficiencies → worse exclusions 

๏Dynamical modelling of BSM phenomena (some examples) 
•Long-Lived Coloured Particles → “R-hadrons” 
•Dark-Matter Annihilation to Coloured Particles 
•Hidden Valleys (showers/hadronisation in hidden sector) 
•Baryon Number Violation (RPV-SUSY) → colour-epsilon structures 
•Particles with “exotic” colour charges (e.g., colour sextets) 
•Black-Hole Evaporation, Sphaleron Decays, … 

M o n a s h  U n i v e r s i t y

Aspects where MC is needed (apart from background modelling)



๏BSM particles usually short-lived, or weakly interacting (like DM) 
•Then visible final state consists of hadrons, leptons and photons, 
just like ordinary processes.  
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BSM at the LHC
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BSM at the LHC

BSM particles usually short-lived, or weakly interacting (like DM).
Then visible final state consists of hadrons, leptons and photons,
just like ordinary processes.
dummy text
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q� jet
q� jet
q� jet
e
\p?

BSM

dummy text

As easy to model as SM processes.

Original structure hidden, but traces of it may be left
in terms of invariant masses and angular distributions.

Discovery requires detailed understanding of
rare signals and huge backgrounds.

Torbjörn Sjöstrand QCD and BSM slide 13/42

As easy to model as SM processes.  

(adapted from slides by T. Sjostrand)
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As easy to model as SM processes.  

(adapted from slides by T. Sjostrand)
BSM at the LHC

BSM particles usually short-lived, or weakly interacting (like DM).
Then visible final state consists of hadrons, leptons and photons,
just like ordinary processes.
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As easy to model as SM processes.

Original structure hidden, but traces of it may be left
in terms of invariant masses and angular distributions.

Discovery requires detailed understanding of
rare signals and huge backgrounds.

Torbjörn Sjöstrand QCD and BSM slide 13/42

Original structure hidden, but traces of it may be left in terms of 
invariant masses and angular distributions 
Discovery requires detailed understanding of rare signals and huge backgrounds 
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Signal Properties
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๏Do you need ME + PS for BSM signals? 
•Example: pair production of 500-GeV squarks, plus QCD jets 
•Variation of shower profiles vs matrix-element-matched calc  

M o n a s h  U n i v e r s i t y

3

FIG. 2. Comparison of the uncertainty associated with 1 jet matched to the parton shower generated events and that of various
parton showers without any matrix element emissions. The uncertainty on the parton showers is dominated by varying the
starting scale between ‘wimpy’ and ‘power’. This uncertainty is also included in the matched prediction along with varying the
matching scale between 50 and 200 GeV and the factorisation and renormalisation scales simultaneously between MT /2 and
2MT .

also have a well tested method of estimating the uncer-
tainty in the prediction by varying both the factorisation
and renormalisation scales.

However, the matrix element approach also has its
drawbacks. Firstly, the method quickly becomes com-
putationally very expensive as we add more jets. For a
SUSY parameter scan, 1 or 2 additional jets can be in-
cluded, but if we require further radiation, the growth in
the number of Feynman diagrams makes this approach
prohibitive. In addition, stringent cuts must be placed on
the momentum of the extra jets in order not to encounter
regions where the perturbative series breaks down due to
large logs.

The breakdown in perturbativity can be shown in
the cross section for pair production of single eigenstate
squarks along with either 1 or 2 jets. We define the usual
Durham-k? [36–38],

k2? ⌘ min

⇢
min(p2T,i, p

2
T,j),

min(p2T,i, p
2
T,j)

(�⌘ij)2 + (��ij)2

D2

�
(1)

with D = 0.4 to regularise the QCD divergences. The
cut can be varied on the additional jets and we show the
analytical tree-level cross section in Tab. I for the choices,
k2? > 25, 50, 100 GeV.

We show that even if a radiated hard jet of at least 100
GeV is required, the cross section is only decreased by
roughly a factor of 4. When two additional radiated jets
of 100 GeV are present the cross section is still relatively
high and only reduced by a factor of ⇠ 20. However, if
we reduce the cut to 25 GeV, we see that the one jet
cross section is now almost as large as the cross section

without a radiated jet. Even the cross section with two
additional jets is of the same order. Thus, it is obvious
that we can no longer trust the perturbative series at
such jet energies.

Process Cross section @ 7 TeV (fb)

mq̃i = 500 GeV kT (j) > kT (j) > kT (j) >

100 GeV 50 GeV 25 GeV

pp ! q̃q̃⇤ 44.3 44.3 44.3

pp ! q̃q̃⇤ j 11.5 23.2 39.4

pp ! q̃q̃⇤ j j 1.9 7.5 21.9

TABLE I. Comparison of analytical tree-level cross-sections
(MadGraph) for squark production of a single eigenstate at
the LHC with di↵erent numbers of radiated jets and di↵erent
cuts placed on those radiated jets. For simplicity the gluino
also has the mass Mg̃ = 500 GeV.

The other approach is to model the QCD radiation
with a parton shower. Here the radiation is calculated
via a Monte-Carlo program using soft and/or collinear
approximations to QCD. The big advantage of this ap-
proach is that the large logarithms present are re-summed
to give an accurate prediction in the soft QCD regime.
Another advantage is that large multiplicity events, that
‘look’ like true LHC collisions are produced. Thus, detec-
tor acceptances that can vary heavily with the number
of particles in an event can be accurately predicted.
Unfortunately, the approach also su↵ers from well

known deficiencies. Firstly, the parton shower is only an
approximation to the matrix element and the prediction
degrades as we move away from the soft and collinear

Plehn, Rainwater, Skands 
Phys.Lett. B645 (2007) 217-221  
Dreiner, Kramer, Tattersall, 
Phys.Rev. D87 (2013) no.3, 035006 

(adapted from slides by S. Prestel, MC4BSM workshop)

Improved QCD pins down the transverse momenta

Initial-Initial Antenna Branching

A B
R !

a b

r

j

a) Before b) After

Figure 1: Illustration of pre-branching (left) and post-branching (right) on-shell momenta, for an
initial-initial antenna branching, emphasising the transverse kick imparted to the hard system, R,
which consists of all particles produced in the collision A+ B ! R. The hard system is treated as a
rigid body (i.e., any internal invariants are not modified) by the branching. It is subjected to a single
overall Lorentz transformation, R ! r, equivalent to a frame reinterpretation required to orient the
new incoming partons along the z axis. Note that we define our kinematics maps to preserve not only
the invariant mass but also the rapidity of the recoiling system: m2

r = m2

R and yr = yR, cf. app. A.1.

2.2 Initial-Initial Configurations

We denote the pre- and post-branching partons participating in an initial-initial branching by AB !
abj and the (system of) particles produced by the collision by R ! r, cf. the illustrations in fig. 1.
In the following, we will list the phase space factorisation, antenna functions, evolution variables and
the resulting no-emission probability.

Phase Space The phase-space factorisation reads
Z
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See app. A.1 for the explicit construction of the post-branching momenta.
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qq̄ g = ā(aq, bq̄, jg) =

1

sAB

✓
2

sabsAB

sajsjb
+

sjb
saj

+

saj
sjb

◆
, (11)
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the invariant mass but also the rapidity of the recoiling system: m2
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We denote the pre- and post-branching partons participating in an initial-initial branching by AB !
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āII
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pTrecoil = sum(QCD)

+ Showers
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Exclusions (& Recasting)
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๏How good is your exclusion? 
•Variation of shower profiles vs matrix-element-matched calc  

M o n a s h  U n i v e r s i t y
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FIG. 16. Comparison of the limit found when using matching with that when only using di↵erent parton shower choices.
The light green area shows the variation in the limit when the Pythia 6 parton shower is varied between ’wimpy’ and ’power’
settings. The red area shows the variation in the limit as the matching scale is varied between 50 and 200 GeV, the factorsation
and renormalisation scales are varied between MT /2 and 2MT and the parton shower between ‘wimpy’ and ‘power’ settings.

D. Equal Mass Limit

The fourth simplified model we consider has the first
and second generation squarks and the gluino all degener-
ate with the LSP. We find that in the limit of degeneracy,
the most constraining limit is given by the ATLAS mono-
jet search with Mq̃ ⇠ Mg̃ > 680 GeV, Fig. 14. The SUSY
searches also provide competitive limits with CMS razor
being the most constraining (Mq̃ ⇠ Mg̃ > 610 GeV).

As we have seen for the previous models, the monojet
searches again fail as the mass splitting is increased from
vetoed events due to extra jets. For example, once the
mass splitting (Mq̃ ⇠ Mg̃) �MLSP > 70 GeV, the limit
from the ATLAS monojet search falls below 500 GeV. In
contrast, the limits from SUSY searches increase as soon
as the mass splitting is increased and for CMS ↵T reach
1400 GeV for a massless LSP.

An interesting feature of the evolution of the limits
with increased mass splitting is how the ATLAS MET
search provides a very competitive limit of 1300 GeV for a
low mass LSP2. We believe that this is due to the fact that
this search has been primarily designed with the popular
CMSSM in mind. In the CMSSM, large mass splittings
between the coloured particles and the LSP are always

2
This is slightly lower than the limit presented by the o�cial AT-

LAS analysis due to the more conservative limit setting proce-

dure we use here, see Sec. IV.

present and thus the search is tuned for these topologies.
However, as we have shown, for more compressed topolo-
gies, more general search strategies can lead to a more
powerful result.

E. Parton Shower Comparison

Here we discuss how the results depend on the method
chosen to simulate ISR in our simplified models. We con-
sider the CMS monojet search for first and second gen-
eration squarks degenerate with the LSP as an example.
We compare our matched prediction with those coming
from the various parton shower choices that can be made,
Fig. 16. One can see that the uncertainty in the limit as-
sociated with the theoretical error on the matching pre-
diction is ±5 GeV, with a lower limit of Mq̃ > 340 GeV.
In contrast, the range in limits that di↵erent parton
shower choices and settings gives is ±110 GeV, with a
lower limit Mq̃ > 180 GeV for the softest jet distribu-
tions and up to Mq̃ > 400 GeV for the hardest.
Even if we only take the limits given by the default

parton shower behaviour, we still see a large range in
the predictions. For example Herwig++ and Pythia 6
both give a limit in this scenario of Mq̃ > 250 GeV,
while Pythia 8 with its power shower as default leads
to a limit of Mq̃ > 400 GeV. Once again we would like
to point out that the default Pythia 8 settings can be
in contradiction with the naive picture of parton showers

Dreiner, Kramer, Tattersall, 
Phys.Rev. D87 (2013) no.3, 035006 

(adapted from slides by S. Prestel, MC4BSM workshop)

+ “Recasting” is getting to 
be a big activity; 
reinterpreting high-energy 
collider analyses. 

Basically use MC to 
reinterpret exclusion 
limits done for one 
model/topology in 
context of another 
model!

Cranmer, Yavin 
JHEP 1104 (2011) 038



1. R-parity violation in SUSY

Baryon number violation (BNV) is allowed in SUSY superpotential.
Alternatively lepton number violation, but proton unstable if both.
BNV couplings should not be too big, or else large loop corrections
) relevent for LSP (Lightest Supersymmetric Particle).
dummy text

Note: m(b̃) > m(�̃0)

�̃0

b

b̃

c

d

What about showers and hadronization in decays?

P. Skands & TS, Nucl. Phys. B659 (2003) 243;

N. Desai & P. Skands, arXiv:1109.5852 [hep-ph]
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Exotic Colours
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(adapted from slide by T. Sjostrand)
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Hidden Valleys / Emerging Jets
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3. Hidden Valleys: motivation

M. Strassler, K. Zurek, Phys. Lett. B651 (2007) 374; . . .

Courtesy
M. Strassler

L. Carloni & TS, JHEP 1009, 105; L. Carloni, J. Rathsman & TS, JHEP 1104, 091
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Hidden-Valley Showers 
+ Valley Hadronisation

Hidden Valley 
aka “Dark” Sector 
aka “Hidden” Sector



3m

1m

Figure 1: A schematic depiction of pair production of dark quarks forming two emerging jets.
Shown is an x � y cross section of a detector with the beam pipe going into the page. The
approximate radii of the tracker and calorimeter are also shown. The dark mesons are represented
by dashed lines because they do not interact with the detector. After traveling some distance,
each individual dark pion decays into Standard Model particles, creating a small jet represented
by solid colored lines. Because of the exponential decay, each set of SM particles originates a
di↵erent distance from the interaction point, so the jet slowly emerges into the detector.

3

Requirements for a model to produce emerging jet phenomenology:  
• Hierarchy between the mediator mass and hidden sector mass.  
• Strong coupling in hidden sector → large particle multiplicity.  
• Macroscopic decay lengths of hidden sector fields back to the visible sector

P e t e r  S k a n d s

Hidden Valleys / Emerging Jets
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Schwaller, Stolarski, Weiler 
JHEP 1505 (2015) 059 

pair production of dark quarks 
forming two emerging jets. 

Dark Mesons

Emerging Jets
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2. R-hadron motivation

Now di↵erent tack: R-parity conserved.

Conventional SUSY: LSP is neutralino, sneutrino, or gravitino.
Squarks and gluinos are unstable and decay to LSP,
e.g. g̃! q̃q! q�̃q.

Alternative SUSY: gluino LSP, or long-lived for another reason.

E.g. Split SUSY (Dimopoulos & Arkani-Hamed):
scalars are heavy, including squarks ) gluinos long-lived.

More generally, many BSM models contain colour triplet or octet
particles that can be (pseudo)stable: extra-dimensional excitations
with odd KK-parity, leptoquarks, excited quarks, . . . .

) Pythia allows for hadronization of 3 generic states:

• colour octet uncharged, like g̃, giving g̃ud, g̃uud, g̃g, . . . ,

• colour triplet charge +2/3, like t̃, giving t̃u, t̃ud0, . . . ,

• colour triplet charge �1/3, like b̃, giving b̃c, b̃su1, . . . .

Torbjörn Sjöstrand QCD and BSM slide 21/42

R-hadron formation

Squark
fragmenting to
meson or baryon

Gluino
fragmenting to
baryon or glueball

Most hadronization properties by analogy with normal
string fragmentation, but
glueball formation new aspect, assumed ⇠ 10% of time (or less).

Torbjörn Sjöstrand QCD and BSM slide 22/42

R-hadron interactions

R-hadron interactions with matter involve interesting aspects:

b̃/t̃/g̃ massive ) slow-moving, v ⇠ 0.7c .

In R-hadron rest frame the detector has v ⇠ 0.7c

) E

kin,p ⇠ 1 GeV: low-energy (quasi)elastic processes.

Cloud of light quarks and gluons interact with hadronic rate;
sparticle is inert reservoir of kinetic energy.

Charge-exchange reactions allowed, e.g.

R

+(g̃ud) + n! R

0(g̃dd) + p.
Gives alternating track/no-track in detector.

Baryon-exchange predominantly one way,

R

+(g̃ud) + n! R

0(g̃udd) + ⇡+,
since (a) kinematically disfavoured (⇡ exceptionally light)
and (b) few pions in matter.

. . . but part of detector simulation (GEANT), not Pythia.

A.C. Kraan, Eur. Phys. J. C37 (2004) 91; M. Fairbairn et al., Phys. Rep. 438 (2007) 1
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R-hadron interactions with matter: part of detector simulation, i.e. GEANT, not PYTHIA 
Freight-train BSM particle surrounded by light pion/gluon cloud → little dE/dx 
+ charge flipping !
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๏Model Building Tool (e.g., FeynRules, LanHEP, … ) 
•→ Model File (e.g., UFO) 

๏Matrix-Element Generator (e.g., MadGraph, CalcHEP, …) 
•→ Matrix Elements 
•→ Les Houches Event Files (LHEF) 

๏SLHA for SUSY spectra: 
๏BSM-SLHA for new particles:  

๏Matching/Merging Strategy + Parton Shower Generator 
•→ Interpretation of LHEF 
•→ Hadron-Level event files (HepMC) → Analysis Tools

M o n a s h  U n i v e r s i t y

arXiv:0712.3311

hep-ph/0311123

Monte Carlo for BSM often involves chains of codes 
→ interfaces play a central role

arXiv:0801.0045 

hep-ph/0609017 

arXiv:1108.2040

(e.g., FASTJET, DELPHES, …)

http://arxiv.org/abs/arXiv:0801.0045
http://arxiv.org/abs/hep-ph/0609017
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MC for BSM
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•“Gather theorists and experimentalists interested in developing 
Monte Carlo tools to simulate signatures of BSM Physics, and 
to use such tools in searches and phenomenological studies”

•This year, 20-24 July, UCAS-YuQuan (Beijing, China) 
๏http://indico.ihep.ac.cn/event/5301/ 

๏Yearly workshop series MC4BSM (running since 2006)

•Next year (2017): SLAC (Stanford, California)

http://theory.fnal.gov/mc4bsm/

http://indico.ihep.ac.cn/event/5301/
http://theory.fnal.gov/mc4bsm/
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The End
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THANK YOU

(Event recorded by CMS with 78 proton-proton collisions)
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Fragmentation Function

34

๏Having selected a hadron flavor 
•How much momentum does it take?

M o n a s h  U n i v e r s i t y

Spacetime Picture

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

time

spatial 
separation

The meson M takes a fraction 
z of the quark momentum,  

How big that fraction is,  
z ∈ [0,1],  

is determined by the 
fragmentation function, 

f(z,Q02)

leftover string, 
further string breaks 

String Break

q

M
Spacelike Separation
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Left-Right Symmetry
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•Causality → Left-Right Symmetry 
•→ Constrains form of fragmentation function! 

๏→ Lund Symmetric Fragmentation Function 

M o n a s h  U n i v e r s i t y

0.2 0.4 0.6 0.8 1.0

0.5

1.0

1.5

0.2 0.4 0.6 0.8 1.0

0.5

1.0

1.5

2.0

a=0.9
a=0.1

b=0.5 b=2

b=1, mT=1 a=0.5, mT=1

Small a  
→ “high-z tail”

Small b  
→ “low-z enhancement”

cuto↵ Q
had

, may be larger than the purely non-perturbative /⇡ above, to account for e↵ects
of additional unresolved soft-gluon radiation below Q

had

. In principle, the magnitude of this
additional component should scale with the cuto↵, but in practice it is up to the user to
enforce this by retuning the relevant parameter when changing the hadronization scale.

Since quark masses are di�cult to define for light quarks, the value of the strangeness
suppression is determined from experimental observables, such as the K/⇡ and K⇤/⇢ ratios.
The parton-shower evolution generates a small amount of strangeness as well, through per-
turbative g ! ss̄ splittings. The optimal value for the non-perturbative 2s/(u + d) ratio
should therefore exhibit a mild anticorrelation with the amount of quarks produced in the
perturbative stage.

Baryon production can also be incorporated, by allowing string breaks to produce pairs
of diquarks, loosely bound states of two quarks in an overall 3̄ representation. Again, since
diquark masses are di�cult to define, the relative rate of diquark to quark production is
extracted, e.g. from the p/⇡ ratio, and since the perturbative shower splittings do not produce
diquarks, the e↵ective value for this parameter is mildly correlated with the amount of g ! qq̄
splittings occurring on the shower side. More advanced scenarios for baryon production have
also been proposed, see [48]. Within the PYTHIA framework, a fragmentation model including
baryon string junctions [49] is also available.

The next step of the algorithm is the assignment of the produced quarks within hadron
multiplets. Using a nonrelativistic classification of spin states, the fragmenting q may com-
bine with the q̄0 from a newly created breakup to produce a meson — or baryon, if diquarks
are involved — of a given valence quark spin S and angular momentum L. The lowest-lying
pseudoscalar and vector meson multiplets, and spin-1/2 and -3/2 baryons, are assumed to
dominate in a string framework1, but individual rates are not predicted by the model. This
is therefore the sector that contains the largest amount of free parameters.

From spin counting, the ratio V/P of vectors to pseudoscalars is expected to be 3, but in
practice this is only approximately true for B mesons. For lighter flavors, the di↵erence in
phase space caused by the V –P mass splittings implies a suppression of vector production.
When extracting the corresponding parameters from data, it is advisable to begin with
the heaviest states, since so-called feed-down from the decays of higher-lying hadron states
complicates the extraction for lighter particles, see section 1.2.3. For diquarks, separate
parameters control the relative rates of spin-1 diquarks vs. spin-0 ones and, likewise, have
to be extracted from data.

With p2

? and m2 now fixed, the final step is to select the fraction, z, of the fragmenting
endpoint quark’s longitudinal momentum that is carried by the created hadron, an aspect
for which the string model is highly predictive. The requirement that the fragmentation be
independent of the sequence in which breakups are considered (causality) imposes a “left-
right symmetry” on the possible form of the fragmentation function, f(z), with the solution

f(z) / 1

z
(1� z)a exp

✓
�b (m2

h

+ p2

?h

)

z

◆
, (1.11)

1
The PYTHIA implementation includes the lightest pseudoscalar and vector mesons, with the four L = 1

multiplets (scalar, tensor, and 2 pseudovectors) available but disabled by default, largely because several

states are poorly known and thus may result in a worse overall description when included. For baryons, the

lightest spin-1/2 and -3/2 multiplets are included.

13

String Break

q

z

Note: In principle, a can be flavour-dependent. In practice, we only distinguish between baryons and mesons
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Fig. 21: Illustration of the iterative selection of flavours and momenta in the Lund string fragmentation model.

practice this is only approximately true for B

⇤
/B. For lighter flavours, the difference in phase space

caused by the V –S mass splittings implies a suppression of vector production. Thus, for D

⇤
/D, the

effective ratio is already reduced to about ⇠ 1.0 – 2.0, while for K

⇤
/K and ⇢/⇡, extracted values

range from 0.3 – 1.0. Recall, as always, that these are production ratios of primary hadrons, hence
feed-down complicates the extraction of these parameters from experimental data, in particular for
the lighter hadron species. The production of higher meson resonances is assumed to be low in a
string framework23. For diquarks, separate parameters control the relative rates of spin-1 diquarks vs.
spin-0 ones and, likewise, have to extracted from data, with resulting values of order (qq)1/(qq)0 ⇠
0.075 – 0.15.

With p

2
? and m

2 now fixed, the final step is to select the fraction, z, of the fragmenting end-
point quark’s longitudinal momentum that is carried by the created hadron. In this respect, the string
picture is substantially more predictive than for the flavour selection. Firstly, the requirement that the
fragmentation be independent of the sequence in which breakups are considered (causality) imposes
a “left-right symmetry” on the possible form of the fragmentation function, f(z), with the solution

f(z) / 1

z

(1� z)

a
exp

✓
�b (m

2
h + p

2
?h)

z

◆
, (68)

which is known as the Lund symmetric fragmentation function (normalized to unit integral). As a
by-product, the probability distribution in invariant time ⌧ of q

0
q̄ breakup vertices, or equivalently

� = (⌧)

2, is also obtained, with dP/d� / �

a
exp(�b�) implying an area law for the colour flux,

and the average breakup time lying along a hyperbola of constant invariant time ⌧0 ⇠ 10

�23
s [68].

The a and b parameters are the only free parameters of the fragmentation function, though a may
in principle be flavour-dependent. Note that the explicit mass dependence in f(z) implies a harder
fragmentation function for heavier hadrons (in the rest frame of the string).

The iterative selection of flavours, p?, and z values is illustrated in figure 21. A parton produced
in a hard process at some high scale QUV emerges from the parton shower, at the hadronization scale
QIR, with 3-momentum ~p = (~p?0, p+), where the “+” on the third component denotes “light-cone”
momentum, p± = E ± pz . Next, an adjacent d

¯

d pair from the vacuum is created, with relative
transverse momenta ±p?1. The fragmenting quark combines with the ¯

d from the breakup to form a
23The four L = 1 multiplets are implemented in PYTHIA, but are disabled by default, largely because several states are

poorly known and thus may result in a worse overall description when included.
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Iterative String Breaks
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Causality → May iterate from outside-in
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What is Underlying Event ?
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What is minimum bias?
≈ “all events, with no bias from restricted trigger conditions”
σtot = σelastic+σsingle−diffractive+σdouble−diffractive+. . .+σnon−diffractive

y

dn/dy

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

What is underlying event?

y

dn/dy

underlying event

jet

pedestal height

“Pedestal Effect” 

Illustrations by T. Sjöstrand

y =
1

2
ln

✓
E + pz
E � pz

◆

Useful variable in hadron collisions: Rapidity

Designed to be additive 
under Lorentz Boosts along 

beam (z) direction

y ! 1 for pz ! Ey ! �1 for pz ! �E y ! 0 for pz ! 0

(rapidity)
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The “Rick Field” UE Plots
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Transverse Region 
(TRNS) 

Sensitive to activity 
at right angles to the 

hardest jets 

Useful definition of 
Underlying Event

There are many UE variables.  
The most important is <ΣpT> in the “Transverse Region”

Leading Track or Jet  
(more IR safe to use jets, but 

track-based analyses still useful)

~ Recoil Jet

Δφ with 
respect to 
leading 
track/jet

“TOWARDS” 
REGION

“TRANSVERSE” 
REGION

“AWAY” 
REGION

(the same Field as in Field-Feynman)
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The Pedestal  

Track Density (TRANS)

Y. Gehrstein: “they have to fudge it again”

Sum(pT) Density (TRANS)

LHC from 900 to 7000 GeV - ATLAS

Not Infrared Safe
Large Non-factorizable Corrections

Prediction off by ≈ 10%

(more) Infrared Safe
Large Non-factorizable Corrections

Prediction off by < 10%

R. Field: “See, I told you!”
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Truth is in the eye of 
the beholder:
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Physics of the Pedestal
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๏ Factorization: Subdivide Calculation 

M o n a s h  U n i v e r s i t y

QF Q2

Multiple Parton Interactions go beyond existing theorems  

→ perturbative short-distance physics in Underlying Event 

→ Need to generalize factorization to MPI 



Multiple Parton Interactions

4 1

QF Q2⇥

Bahr, Butterworth, Seymour: arXiv:0806.2949 [hep-ph]  
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Lesson from bremsstrahlung in pQCD: 
divergences → fixed-order breaks down


Perturbation theory still ok, with 
resummation (unitarity)

→ Resum dijets?
Yes → MPI!

hni < 1 (2)

hni > 1 (2)

Z

p2
?,min

dp2?
d�Dijet

dp2?

Leading-Order pQCD

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
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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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Earliest MC model (“old” PYTHIA 6 model)
Sjöstrand, van Zijl PRD36 (1987) 2019
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Colour Confusion

42M o n a s h  U n i v e r s i t y

๏Between which partons do confining potentials arise? 
•At e+e- colliders (eg LEP) : generally good agreement 
between measured particle spectra and models based 
on parton/antenna showers + strings 

•Basically a single 3-3bar system, very close to the 
original lattice studies motivating the string model. 

•→ re-use same models as input for LHC (universality) ?

e+e-
 : too easy

(still quite simple 
even after including 
bremsstrahlung etc.)

Proton-Proton (LHC)

A lot more colour 
kicked around (& also 
colour in initial state)

Include “Beam Remnants”

Still might look relatively 
simple, to begin with

But no law against several 
parton-parton interactions

In fact, can easily be shown to happen frequently 
Included in all (modern) Monte Carlo models 
But how to make sense of the colour structure?

• (+ extensions to WW reasonable to ~O(1/Nc
2))

• (+baryon beam remnants → “string junctions”)
String-fragmentation of junctions: Sjöstrand & Skands Nucl.Phys. B659 (2003) 243 
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Colour: What’s the Problem?

43M o n a s h  U n i v e r s i t y

Beam Di rect ion
MPI

Without Colour Reconnections 
Each MPI hadronizes independently of all others

Outgoing parton

(including MPI: Multiple Parton-Parton Interactions ~ the “underlying event”)
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Beam Di rect ion
MPI

Without Colour Reconnections 
Each MPI hadronizes independently of all others

Outgoing parton
String Piece

(including MPI: Multiple Parton-Parton Interactions ~ the “underlying event”)

So many strings in so little space 
If true → Very high energy densities 

QGP-like “core” with hydro?

→ Thermal? E.g., EPOS
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Beam Di rect ion
MPI

With Colour Reconnections 
MPI hadronize collectively

Outgoing parton
String Piece

See also Ortiz et al., Phys.Rev.Lett. 111 (2013) 4, 042001 

comoving hadrons

Highly interesting theory questions now. 
Is there collective flow in pp? Or not? 

If yes, what is its origin? 
Is it stringy, or hydrodynamic ? (or …?)

Or Thermal?

Or Higher String Tension?

E.g., EPOS

E.g., DIPSY rope

(including MPI: Multiple Parton-Parton Interactions ~ the “underlying event”)

String-Length Minimisation E.g., PYTHIA, HERWIG
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๏Simple example:   
•Intensely studied at LEP2.  

๏CR implied a non-perturbative uncertainty on the W 
mass measurement, ΔMW ~ 40 MeV 

•CR constrained to ~ 10% ~ 1/NC2 
•Simple two-string system. What about pp? 

๏Several modelling attempts 
•Based on “just” minimising the string action 

๏String interactions (Khoze, Sjostrand) 
๏Generalized Area Law (Rathsman et al.) 
๏Colour Annealing (Skands et al.) 
๏Gluon Move Model (Sjostrand et al.) 

•More recently: SU(3)C group multiplet weights 
๏Dipole Swing (Lonnblad et al.) 
๏String Formation Beyond Leading Colour (Skands et al.)
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Average pT increases with particle multiplicity and (faster than predicted) with particle mass

without CR

with (tuned) CR

<pT> vs Number of Particles <pT> vs Particle Mass

Note: 
from RHIC 
(200 GeV)


