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MC vs Hadron Collisions
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๏Last Lecture ➜ a model that included hard interactions, parton 
showers, and string fragmentation. Let’s apply it to pp collisions!

P. Skands
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Do not be discouraged by the failure of physical models 
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Further evidence of additional physics in hadron-hadron collisions
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๏1983: discovery of the “Pedestal Effect”  
•UA1: 
•Studies of jets with ET up to 100 GeV

P. Skands

pp̄ at
p
s = 540GeV

“Outside the [jet], a constant ET 
plateau is observed, whose height 
is independent of the jet ET. Its 
value is substantially higher than 
the one observed for minimum bias 

events.”

In hadron-hadron collisions, hard jets sit on 
“pedestals” of increased particle production 
extending far from the jet cores. 

Phys. Lett. B 132 (1983) 214-222

http://cds.cern.ch/ejournals.py?publication=Phys.+Lett.+B&volume=132&year=1983&page=214


What’s “Minimum Bias”?
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๏Simple question: what does the average LHC collision look like? 
•First question: how many are there? What is σtot(pp) at LHC ? 
•Around 100mb (of which about half is “inelastic, non-diffractive”)

P. Skands

Hit Hit

Example of 
“Minimum Bias 

Trigger”

Minimum Bias = Minimal trigger requirement 
At least one hit in some simple and efficient hit counters (typically at large η) 

(Double-sided trigger requirement suppresses “single diffraction”)



Dissecting the Pedestal
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๏Today, we call the pedestal “the Underlying Event”

P. Skands

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

Illustrations by T. 
Sjöstrand

y =
1

2
ln

✓
E + pz
E � pz

◆

Rapidity (along beam axis)

Recall: A uniform (constant) particle density per rapidity unit is just what a string produces  … 

but the height of the pedestal was 
much larger than that of one string…

Multiple Strings?
Rapidity (along string axis)



Parton-Parton vs Proton-Proton Cross Sections
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๏Total inelastic pp cross section @ 8 TeV* ~ 80 mb (measured by TOTEM) 
•Compare this to perturbative calculation of QCD  scattering cross 
section (mainly -channel gluon exchange; divergent for pT ) 

2 → 2
t → 0

P. Skands
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QCD  cross 
section dominated 
by t-channel gluon 

exchange  

Larger than total 
pp cross section 

for  

2 → 2

̂p⊥ ≤ 4 GeV

Interpret to mean 
that every pp 

collision has more 
than one  
QCD scattering 
with 

2 → 2

̂p⊥ ≤ 4 GeV

*Note: nothing particularly special about 8 TeV; the crossover point would be lower at lower ECM and higher at higher ECM



…

Physics of the Pedestal
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๏Recall Factorisation: Subdivide calculation 
•Hard scattering: parton-parton cross section  independent of non-pert. dynamics 
•x PDF factors  representing: 
partitioning of proton into struck 
parton + unresolved remnant, at 
factorisation scale  

๏Multi-Parton Interactions (MPI) 
•Several QCD 2→2 in one pp collision 
•  need Multi-parton PDFs (PYTHIA, e.g., Sjöstrand & PS JHEP 03 (2004) 053 • hep-ph/0402078) 

•Constructed using momentum and flavour conservation; goes beyond existing 
factorisation theorems (though some work on special case Double Parton Scattering) 

d ̂σ
f(x, Q2

F)

Q2
F

⟹

P. Skands

QF

๏ (More issues such as colour reconnections, saturation, , rescattering, …, not covered here)3 → 4

Q2

More colour 
exchanges 

➜ more strings ➜ 
more hadrons

+ (mini)-jets 
from tail with  
Q2 ≫ 1 GeV

str
uc

k p
art

on

struck parton

remnant

remnant

remnant’

remnant’

https://arxiv.org/abs/hep-ph/0402078


How many?
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๏Naively 
•If the interactions are assumed ~ independent (naive factorisation) → Poisson

P. Skands

σint(p⊥min) =
∫ ∫ ∫

p⊥min
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∞
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(example)

hn2!2(p?min)i =
�2!2(p?min)

�tot

Real Life 
Colour screening: σ2→2→0 for p⊥→0  
Momentum conservation suppresses 
high-n tail 
Impact-parameter dependence 
+ physical correlations  
→ not simple product

𝒫n



Interleaved Evolution in PYTHIA
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๏1987 [Sjöstrand & van Zijl, Phys.Rev.D 36 (1987) 2019] 
•MPI cast as Sudakov-style evolution in 
pT analogous to the one for showers 

๏2005 [Sjöstrand & PS, Eur.Phys.J.C 39 (2005) 129] 

•Interleave MPI & ISR evolutions in one 
common sequence of pT  
•➜ ISR & MPI “compete” for the 
available  in the proton. 

๏2011 [Corke & Sjöstrand, JHEP 03 (2011) 032] 
•Also include FSR in interleaving  

๏2021 [Brooks, PS, Verheyen, SciPost Phys. 12 (2022) 3] 
•Also include Resonance Decays in 
interleaving (VINCIA)

x

P. Skands
Figure from Sjöstrand & PS, 2005
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ISR
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Figure 1: Schematic figure illustrating one incoming hadron in an event with a hard inter-
action occurring at p⊥1 and three further interactions at successively lower p⊥ scales, each
associated with (the potentiality of) initial-state radiation, and further with the possibility
of two interacting partons (2 and 3 here) having a common ancestor in the parton showers.
Full lines represent quarks and spirals gluons. The vertical p⊥ scale is chosen for clarity
rather than realism; most of the activity is concentrated to small p⊥ values.

‘one-parton-inclusive’ pdf’s should be applicable; when averaging over all configurations of
softer partons, the standard QCD phenomenology should be obtained for the ones partic-
ipating in the hardest interaction, this being the way the standard parton densities have
been measured. Thus it makes sense to order and study the interactions in a sequence of
falling ‘hardness’, for which we shall here take p⊥ as our measure, i.e. we consider the inter-
actions in a sequence p⊥1 > p⊥2 > p⊥3 > p⊥4. The normal parton densities can then be used
for the scattering at p⊥1, and correlation effects, known or estimated, can be introduced in
the choice of ‘subsequent’ lower-p⊥ scatterings.

In ref. [1] we developed a new and sophisticated model to take into account such corre-
lations in momentum and flavour. In particular, contrary to the earlier model described in

2

C o l o u r  S c r e e n i n g  ( “ ” )  /  H a d ro n i z a t i o np⊥0

๏Sjöstrand & PS, 2004: 
•Simple multi-parton PDFs with 
momentum & flavour correlations

๏ Interleaved Evolution

https://inspirehep.net/literature/245684
https://arxiv.org/abs/hep-ph/0408302
https://arxiv.org/abs/1011.1759
https://arxiv.org/abs/2108.10786


Impact Parameter Dependence

10P. Skands

Simplest idea: smear PDFs across a uniform disk of size  

→ simple geometric overlap factor ≤ 1 in dijet cross section 
Some collisions have the full overlap, others only partial 

 Poisson distribution with different mean  at each 

πr2
p

⟹ ⟨nMPI⟩ b

1. Simple Geometry (in impact-parameter plane)

2. More realistic Proton b-shape (used by all modern MPI models)

Smear PDFs across a non-uniform disk 
E.g., Gaussian(s), or more/less peaked (e.g., EM form factor) 

Overlap factor = convolution of two such distributions 

→ Poisson distribution with different mean <n> at each b 
“Lumpy Peaks” → large matter overlap enhancements, higher <n>

Note: this is an effective description. Not the actual proton mass density. 
E.g., peak in overlap function (≫1) can represent unlikely configurations with 
huge overlap enhancement. Typically use total σinel as normalization.

( )b



MC with MPI vs Hadron Collisions

11P. Skands
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36 A MULTIPLE-INTERACTION MODEL FOR THE EVENT. . . 2031

diffractive system. Each system is represented by a string
stretched between a diquark in the forward end and a
quark in the other one. Except for some tries with a dou-
ble string stretched from a diquark and a quark in the for-
ward direction to a central gluon, which gave only modest
changes in the results, no attempts have been made with
more detailed models for diHractive states.

V. MULTIPLICITY DISTRIBUTIONS

The charged-multiplicity distribution is interesting,
despite its deceptive simplicity, since most physical
mechanisms (of those playing a role in minimum bias
events) contribute to the multiplicity buildup. This was
illustrated in Sec. III. From now on we will use the
complete model, i.e., including multiple interactions and
varying impact parameters, to look more closely at the
data. Single- and double-difFractive events are now also
included; with the UA5 triggering conditions roughly —,

of the generated double-diffractive events are retained,
while the contribution from single diffraction is negligi-
ble.

A. Total multiplicities

A final comparison with the UA5 data at 540 GeV is
presented in Fig. 12, for the double Gaussian matter dis-
tribution. The agreement is now generally good, although
the value at the peak is still a bit high. In this distribu-
tion, the varying impact parameters do not play a major
role; for comparison, Fig. 12 also includes the other ex-

treme of a ftx overlap Oo(b) (with the use of the formal-
ism in Sec. IV, i.e., requiring at least one semihard in-
teraction per event, so as to minimize other differences).
The three other matter distributions, solid sphere, Gauss-
ian and exponential, are in between, and are all compati-
ble with the data.
Within the model, the total multiplicity distribution

can be separated into the contribution from (double-)
diffractive events, events with one interaction, events
with two interactions, and so on, Fig. 13. While 45% of
all events contain one interaction, the low-multiplicity
tail is dominated by double-diffractive events and the
high-multiplicity one by events with several interactions.
The average charged multiplicity increases with the
number of interactions, Fig. 14, but not proportionally:
each additional interaction gives a smaller contribution
than the preceding one. This is partly because of
energy-momentum-conservation effects, and partly be-
cause the additional messing up" when new string
pieces are added has less effect when many strings al-
ready are present. The same phenomenon is displayed in
Fig. 15, here as a function of the "enhancement factor"f (b), i.e., for increasingly central collisions.
The multiplicity distributions for the 200- and 900-GeV

UA5 data have not been published, but the moments
have, ' and a comparison with these is presented in Table
I. The (n, t, ) value was brought in reasonable agreement
with the data, at each energy separately, by a variation of
the pro scale. The moments thus obtained are in reason-
able agreement with the data.

B. Energy dependence

10
I I I I I I I i.

UA5 1982 DATA

UA5 1981 DATA

Extrapolating to higher energies, the evolution of aver-
age charged multiplicity with energy is shown in Fig. 16.
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FIG. 12. Charged-multiplicity distribution at 540 GeV, UA5
results (Ref. 32) vs multiple-interaction model with variable im-
pact parameter: solid line, double-Gaussian matter distribution;
dashed line, with fix impact parameter [i.e., 00(b)]

FIG. 13. Separation of multiplicity distribution at 540 GeV
by number of interactions in event for double-Gaussian matter
distribution. Long dashes, double diffractive; dashed-dotted
one interaction; thick solid line, two interactions; dashed line,
three interactions; dotted line, four or more interactions; thin
solid line, sum of everything.

Number of Charged 
Tracks

10

2 -

X

o
II

1.5 -
X

UJ
0.2 -

0 . 1

0.05 -

0.03
-1

F I G . 7

Fluctuations in nmpi → Bigger (global) fluctuations

Impact-parameter 
dependence → UE

With variable 
impact 

parameter

Without variable 
impact 

parameter

Jet Pedestal

Without MPI

With MPI but without b dependence 
 same <nMPI> as in min-bias⟹

<nMPI> 
x 4

With variable b

Without variable b
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Characterizing The Underlying Event

12P. Skands

“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 Trigger Object 
E.g., hardest jet, hardest track, or hardest 
track-jet; more inclusive to use jets, but 
track-based analyses also useful.

Δφ with 
respect to 
leading 
track/jet

“TOWARDS” 
REGION

“TRANSVERSE” 
REGION

“AWAY” 
REGION

(The “Rick Field” UE Plots)



Min-Bias VS Underlying Event
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๏Tautology:  
•A jet trigger provides a bias 
(→subsample of minimum-bias) 

๏Pedestal effect: 
•Events with a hard jet trigger are 
accompanied by a higher plateau of 
ambient activity 

•MPI: interpreted as a biasing 
effect. Small pp impact 
parameters → larger matter 
overlaps → more MPI → higher 
chances for a hard interaction

P. Skands

note: PHOJET does not 
describe the rise of the UE

“Maximum 
Bias”

Minimum 
Bias

Plot from mcplots.cern.ch

http://mcplots.cern.ch


Colour Space in Hadron Collisions

14P. Skands



Colour Correlations

15P. Skands

๏Each MPI exchanges colour between the beams 
•The colour flow determines the hadronizing string topology 

๏Each MPI, even when soft, is a colour spark 
•Hadron distributions depend on colour space

► The colour flow determines the hadronizing string topology 
•  Each MPI, even when soft, is a color spark 

•  Final distributions crucially depend on color space 

1

2

3

4

2

# of 
strings

FWD

FWD

CTRL
Figure from 
Sjöstrand & PS, JHEP 03(2004)053

Different models make different ansätze



๏Each MPI exchanges colour between the beams 
•The colour flow determines the hadronizing string topology 

๏Each MPI, even when soft, is a colour spark 
•Hadron distributions depend on colour space
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# of 
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► The colour flow determines the hadronizing string topology 
•  Each MPI, even when soft, is a color spark 

•  Final distributions crucially depend on color space 

Colour Correlations

16P. Skands

Figure from 
Sjöstrand & PS, JHEP 03(2004)053

Different models make different ansätze



Colour Connections

17P. Skands

Rapidity

NC → ∞

Expect Multiplicity ∝ NMPI

Recall: “Leading Colour”

Multi-Parton Interactions ➜ ?



Colour Reconnections?

18P. Skands

Rapidity

Do the systems really form 
and hadronize independently?

Multiplicity ∝ NMPI
<

Multi-Parton Interactions + Colour coherence  ➜ ?



Hadronization — with MPI

19P. Skands

Beam Di rect ion
MPI

Outgoing parton

“Leading Colour” 
➜ Each MPI hadronizes independently of all others 
~ the equivalent of “independent fragmentation” for MPI

String Piece

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



Colour Reconnections (CR)

20P. Skands

Beam Di rect ion
MPI

With Colour Reconnections 
MPI hadronize collectively 
But how do we know which partons should be confined with which?

Outgoing parton

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

comoving hadrons

String Piece



MPIMPI

d�̂0

Confinement in LHC Collisions

21

๏High-energy pp collisions — with ISR, MPI, and Beam Remnants 
•Final states with very many coloured partons 
•Who gets confined with whom? 

๏”QCD Colour Reconnection” Model: 
•Stochastically sample ~ all possibilities 
•E.g.: random triplet charge has 1/9 chance to 
be in singlet state with random antitriplet: 

๏  
๏     ;    
๏  

•Choose between allowed string 
configurations: smallest world-sheet area 
(a.k.a. “string-length” minimization)

3 ⊗ 3̄ = 8 ⊕ 1
3 ⊗ 3 = 6 ⊕ 3̄ 3 ⊗ 8 = 15 ⊕ 6 ⊕ 3
8 ⊗ 8 = 27 ⊕ 10 ⊕ 10 ⊕ 8S ⊕ 8A ⊕ 1

P. Skands

*): in this context, QCD CR simply refers to an ambiguity beyond Leading NC, known to exist.  
Note the term “CR” can also be used more broadly to incorporate further physics concepts.

[Christiansen & PS 
JHEP 08 (2015) 003] 

https://arxiv.org/abs/1505.01681


How to confront with measurements?

22

๏Can’t measure nMPI directly 
•Use number of particles 
produced ~ rough indicator of 
how much colour gets kicked 
around 
•  study event properties as 
a function of “Nch” = Ntracks 

๏Different models/tunes  
•Predict different number of 
charged particles “per” MPI 
•But all predict a strong 
correlation ➜ useful indicator

⟹

P. Skands
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Consequences of CR: <pT>(nch)

23P. Skands

Illustrations by J. Altmann No CR  <pT> ~ same for all Nch⟹
(Many MPI just produce more 

hadrons, but with ~ same spectra) 

QCD-based CR

MPI-based CR (default)

No CR

Different CR Models 
Both MPI-based (default) and 
QCD-based CR can reproduce 
the rising trend of <pT>(Nch)

ALICE DATA

mcplots.cern.ch

(Just one example here, that I could easily 
obtain from mcplots.cern.ch; all other CM 

energies and fiducial cuts show same trend)

⟨p⊥(Nch)⟩

http://mcplots.cern.ch/?query=plots,ppppbar,mb-inelastic,avgpt-vs-nch,Pythia%208.CR%20Variations
http://mcplots.cern.ch


+ New junction-type CR  Increased Baryon-to-Meson ratios⟹

24P. Skands

Illustrations by J. Altmann

Figure 2.6. Junction system, involving a Y-shaped string topology between three quarks.

Figure 2.7 shows the formation of junctions due to CR, showing the reconfiguration

of three qq̄ pairs into a junction and antijunction.

(a) (b)

Figure 2.7. (a) Strings spanning qq̄ pairs. (b) A reconfiguration of the strings instead forming

a junction and corresponding antijunction. This junction configuration can only form if the

overall qqq (and thus also q̄q̄q̄) are in an overall colour singlet state.

The string-fragmentation mechanism for junctions can be formulated as an exten-

sion (albeit a complicated one) of the model for a simple string stretched between a

qq̄ pair [17]. The inclusion of junction fragmentation results in a higher number of

baryonic final states as the baryon number of the junction topology is preserved by the

fragmentation process, as seen in Figure 2.8. It should be noted that though the total

number of baryonic final states increases (i.e.
P

|B| increases where B is the baryon

18
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Figure 12. The average p? as a function of multiplicity [52] (a), the average charged multiplicity as a func-
tion of pseudorapidity [113] (b), and the ⇤/Ks ratio [114] (c). All observables from the CMS collaboration
and plotted with the Rivet framework [115]. All PYTHIA simulations were non single diffractive (NSD)
with a lifetime cut-off ⌧max = 10 mm/c and no p? cuts applied to the final state particles. The yellow error
band represents the experimental 1� deviation.

• Cj (ColourReconnection:junctionCorrection): multiplicative factor, m0j/m0,
applied to the string-length measure for junction systems, thereby enhancing or suppressing
the likelihood of junction reconnections. Controls the junction component of the baryon to
meson fraction and is tuned to the ⇤/K0

s ratio.

• pref
? (MultiPartonInteractions:pT0Ref): lower (infrared) regularisation scale of

the MPI framework. Controls the amount of low p? MPIs and is therefore closely related to
the total multiplicity and can be tuned to the d hnchi /d⌘ distribution.
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Figure 12. The average p? as a function of multiplicity [52] (a), the average charged multiplicity as a func-
tion of pseudorapidity [113] (b), and the ⇤/Ks ratio [114] (c). All observables from the CMS collaboration
and plotted with the Rivet framework [115]. All PYTHIA simulations were non single diffractive (NSD)
with a lifetime cut-off ⌧max = 10 mm/c and no p? cuts applied to the final state particles. The yellow error
band represents the experimental 1� deviation.

• Cj (ColourReconnection:junctionCorrection): multiplicative factor, m0j/m0,
applied to the string-length measure for junction systems, thereby enhancing or suppressing
the likelihood of junction reconnections. Controls the junction component of the baryon to
meson fraction and is tuned to the ⇤/K0

s ratio.

• pref
? (MultiPartonInteractions:pT0Ref): lower (infrared) regularisation scale of

the MPI framework. Controls the amount of low p? MPIs and is therefore closely related to
the total multiplicity and can be tuned to the d hnchi /d⌘ distribution.
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CMS DATA (2011, NSD)

QCD-based 
CR with 

junctions

qC0
qB3

qA2

qB2

q̄B3

q̄q̄B1

q̄B2

qB0

qqB1

qA1

q̄A2
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q̄A1

First Stage: Legs A and B

qqAB

qC4 q̄C4 qC3 q̄C3 qC2 q̄C2 qC1 q̄C1
qC0

q̄B3

qB2

q̄B2

q̄q̄B1

qqB1

qB0

q̄A2

qA1

q̄A1

qA0

Second Stage: Leg C

Figure 15: Illustration of the two main stages of junction fragmentation. Left: first, the junction
rest frame (JRF) is identified, in which the pull directions of the legs are at 120� to each other.
(If no solution is found, the CM of the parton system is used instead.) The two lowest-energy
legs (A and B) in this frame are then fragmented from their respective endpoints inwards, towards
a fictitious other end which is assigned equal energy and opposite direction, here illustrated by
gray dashed lines. This fragmentation stops when any further hadrons would be likely to have
negative rapidities along the respective string axes. Right: the two leftover quark endpoints from
the previous stage (qA2 and qB3) are combined into a diquark (qq

AB
) which is then used as endpoint

for a conventional fragmentation along the last leg, alternating randomly between fragmentation
from the qC end and the qqAB end as usual.

describe the spacetime picture for qq pairs, based on methods developed in ref. [293].
From the linear potential V (r) = r, the equations of motion are

����
dpz,q/q

dt

���� =
����
dpz,q/q

dz

���� =
����
dEq/q

dt

���� =
����
dEq/q

dz

���� =  . (304)

The sign on each derivative is negative if the distance between the quark is increasing, and positive if
the distance is decreasing. After sampling Ehi and phi for each hadron, these equations lead to simple
relations between the space-time and momentum-energy pictures, zi�1�zi = Ehi/ and ti�1� ti = phi/,
where zi and ti denote the spacetime coordinates of the ith breakup point (note that zi�1 > zi since
points are enumerated from right to left). In the massless approximation, the endpoints are given by
z0,n = t0,n = ±

p
s/2. This specifies the breakup points, but there is still some ambiguity as to where the

hadron itself is produced. The default in Pythia 8.3 is the midpoint between the two breakup points, but
it is also possible to specify an early or late production vertex at the point where the light cones from the
two quark-antiquark pairs intersect.

A complete knowledge of both the spacetime and momentum pictures violates the Heisenberg un-
certainty principle. This is compensated for in part by introducing smearing factors for the production
vertices, but outgoing hadrons are still treated as having a precise location and momentum. Despite not
being a perfectly realistic model, there is no clear systematic bias in this procedure, and any inaccuracies
associated with this violation are expected to average out.

There are several further complications to these process. One is more complicated topologies such as
those involving gluons or junctions. Another is the fact that the massless approximation is poor for heavy
qq pairs. For massive quarks, instead of moving along their light cones, the quarks move along hyperbolae
E

2
� p

2

z = m
2
+ p

2

? = m
2

?. Both these issues are addressed in more detail in ref. [293].

7.1.5 Junction topologies

Junction topologies in their simplest form arise when three massless quarks in a colour-singlet state move
out from a common production vertex, a textbook example of which is given by a baryon-number-violating
supersymmetric decay �

0
! qqq. In that case it is assumed that each of them pull out a string piece,

a “leg”, to give a Y-shaped topology, where the three legs meet in a common vertex, the junction. This
junction is the carrier of the baryon number of the system: the fragmentation of the three legs from the
quark ends inwards will each result in a remaining quark near to the junction, and these three will form a
baryon around it.

120

Illustration from Pythia 8.3 manual

“Junction baryon”

[Christiansen & PS, arXiv:1505.01681]
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ALICE 2021: 
also in charm

Pythia Default 
(Monash) ~ LEP

QCD CR model(s): 
Junctions drive 

order-of-magnitude 
increase in at 

low 
Λc/D0

p⊥ High pT ~ LEP

https://arxiv.org/abs/1505.01681


What a strange world we live in, said Alice
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๏We also know ratios of strange 
hadrons to pions strongly increase 
with event activity 

P. Skands

June 
2017

D.D.	Chinellato	– 38th	 International	Conference	on	High	Energy	Physics

Relative Strangeness 
Production
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• Quantified via strange to non-strange 
integrated particle ratios vs d"#$/d&

• Significant enhancement of strange 
and multi-strange particle production 

• MC predictions do not describe this 
observation satisfactorily

5

ALICE, arXiv:1606.07424
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[1] Comput. Phys. Commun. 178 (2008) 852–867
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Default 
Pythia.  

(Same as no 
Junctions on 

previous slide)
๏ What could be driving this?

(sss)

(dss)

(uds)

(ds̄)



➜ Non-Linear String Dynamics?
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๏MPI  lots of coloured partons scattered into the final states  
•Count # of flux lines crossing  in pp collisions (according to PYTHIA):

⟹
y = 0

P. Skands

J. Altmann         Monash University
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Clear observations of strangeness enhancement with 
respect to charged multiplicity [e.g. ALICE Nature Pays. 13, 535 (2017)]

Multiplets (y=0, pp 7 TeV) 

higher 
multiplets

Confining fields may be 
reaching much higher effective 

representations than simple 
quark-antiquark (3) ones. 

Plot by J. Altmann
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Monash

QCD

Close-packing  
+ strange junctions  
+ diquark suppression

J. Altmann       Monash University

Collective Effects

Diquark formation via successive colour 
fluctuations (popcorn mechanism)

vs.

Strange Junctions

Strangeness Enhancement

Dense string environments 

→ Casimir scaling of effective string tension 

→ Higher probability of strange quarks

String tension could be different from the 
vacuum case compared to near a junction

Close-packing

String breaks

Diquark Suppression

What if we allow the blue fluctuation to 
break a nearby string?

Multiplets (y=0, pp 7 TeV) 

 Note: LHC  smaller 
than at LEP

p/π

E.g.:

Pr
ob

ab
ili

ty

Two approaches in PYTHIA: 
1) Colour Ropes (Lund) 

2) Close-Packing (Monash) 



Particle Composition: Impact on Jet Energy Scale
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ATL-PHYS-PUB-2022-021

ATLAS PUB Note

29th April 2022

Dependence of the Jet Energy Scale on the Particle

Content of Hadronic Jets in the ATLAS Detector

Simulation

The ATLAS Collaboration

The dependence of the ATLAS jet energy measurement on the modelling in Monte Carlo
simulations of the particle types and spectra within jets is investigated. It is found that the
hadronic jet response, i.e. the ratio of the reconstructed jet energy to the true jet energy, varies
by about 1–2% depending on the hadronisation model used in the simulation. This e�ect is
mainly due to di�erences in the average energy carried by kaons and baryons in the jet. Model
di�erences observed for jets initiated by quarks or gluons produced in the hard scattering
process are dominated by the di�erences in these hadron energy fractions indicating that
measurements of the hadron content of jets and improved tuning of hadronization models can
result in an improvement in the precision of the knowledge of the ATLAS jet energy scale.

© 2022 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.

Dependence of the Jet Energy Scale on the Particle Content 
of Hadronic Jets in the ATLAS Detector Simulation 

The dependence of the ATLAS jet energy measurement on the modelling 
in Monte Carlo simulations of the particle types and spectra within jets is 
investigated. It is found that the hadronic jet response, i.e. the ratio of 
the reconstructed jet energy to the true jet energy, varies by ~ 1–2% 
depending on the hadronisation model used in the simulation. This 
effect is mainly due to differences in the average energy carried by 
kaons and baryons in the jet. Model differences observed for jets 
initiated by quarks or gluons produced in the hard scattering process are 
dominated by the differences in these hadron energy fractions indicating 
that measurements of the hadron content of jets and improved tuning 
of hadronization models can result in an improvement in the precision 
of the knowledge of the ATLAS jet energy scale. 

๏Variation largest for gluon jets  
•For ET = [30, 100, 200] GeV 
•Max JES variation = [3%, 2%, 1.2%] 

๏Fraction of jet ET carried by baryons 
(and kaons) varies significantly 

•Reweighting to force similar baryon 
and kaon fractions  
•Max variation ➜ [1.2%, 0.8%, 0.5%] 
•Significant potential for improved Jet 
Energy Scale uncertainties! 

๏Motivates Careful Models & Careful 
Constraints 

•Interplay with advanced UE models 
•In-situ constraints from LHC data 
•Revisit comparisons to LEP data 

P. Skands

https://cds.cern.ch/record/2808016/files/ATL-PHYS-PUB-2022-021.pdf
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Thank you for your attention!
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Tuning: PROFESSOR — a powerful tool for (semi)automated tuning

31

Tuning procedure in Professor (1D, 1Bin)

1 Random sampling: N parameter points in n-dimensional space

2 Run generator and fill histograms

3 For each bin: use N points to fit interpolation (2nd or 3rd order
polynomial)

4 Construct overall (now trivial) c2 ⇡ Âbins
(interpolation�data)2

error2

5 and Numerically minimize pyMinuit, SciPy

p

bbb b

best p

data bin

bin interpolation

Professor 4 / 16

๏Inspired by idea pioneered by DELPHI (Hamacher et al., 1995):  
•Bin-wise interpolation of MC response and  minimization  
• -order polynomials account for parameter correlations. 

χ2

2nd

P. Skands

Modern Python Package  
with much more functionality, 

tutorials, etc. 
https://professor.hepforge.org/

Pr
of
es
so
r  

Tu
ni
ng
 p
ro
ce
du
re

https://professor.hepforge.org/


Caveat 1: Tensions vs Incompatibilities ?

32

๏Physics Model may not be able to simultaneously agree with all measurements 
•Not immediately a concern. Consider overall physics/consistency  your priorities. 

๏Physics Model may be unable to agree with (some part of) a given measurement  
•Fit reacts by desperately trying to reduce order-of-magnitude differences in bins it 
shouldn’t have been asked to fit in the first place 
•At cost of everything else ➤ total garbage. 

๏Choose measurements carefully  
•Within context of physics model  domain of applicability 

๏ This can also apply to bins of a histogram, e.g., if part of a measurement goes outside domain of 
validity of theory model 

๏ E.g., professor allows to put zero (or very small) weights for some bins 
•Consider whether you should effectively “give up” on some measurements

↔

⟷

P. Skands



Caveat 2: Sensitivities and Observable Hierarchies
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๏For each observable and/or MC parameter you want to consider: 
•What is/are the most salient MC parameter(s) which that observable is sensitive to 

๏ PROFESSOR can help with this ➜ sensitivity and correlation analyses 
•What is a full set of observables that span constraints on those parameters? 

๏Are some of those observables/parameters more important than others? 
•Do some parameters control larger aspects of the modelling ➜ Cross checks. 
•Are some observables more important to you than others? ➜ Weightings. 

๏Example: a measurement reveals the kaon yield is too low in the MC 
๏ You can increase the production of all particles, including kaons 
๏ Or you could increase just the strangeness fraction keeping the total constant 

•If you don’t know and don’t think about this, you risk tuning to agree with kaons while 
mistuning agreement on the overall level of particle production. Is that what you want? 
•➜ include an observable sensitive to the total number of particles (or kaon fraction)

P. Skands



Caveat 3: Overfitting

34

๏Very precisely measured data points can generate large  values  
•Even if MC gets within what one would naively consider “reasonable” 
agreement 

๏Fit reacts by sacrificing agreement elsewhere (typically in tails) to 
improve  in peaks. 

•Still bad overall fit, typically not spanning uncertainties (only on one side) 

๏My recommendation: 
• Include a “sanity limit” (e.g., 5%) “theory uncertainty”  
•➤ Fit not rewarded (much) for improving agreement beyond that point.  
•More freedom in tails 
•Also tends to produce  values ~ unity  better uncertainty bands?

χ2

χ2

χ2
5% →

P. Skands



Some Helper Tools

35

๏Wouldn’t it be nice if there was a tool: 
•That could automatically detect correlations between parameters and 
observables. 
•And tell you which “groups” they fall into naturally : which parameter sets 
you should ideally tune together, and which are more nicely factorised. 

๏This is (at least partly) what the tool AutoTunes does 
•I won’t have time to discuss that today, but I think it looks promising 
•I encourage you to study it and use it 

๏You may also be interested in Apprentice 
•Variance reduction to semi-automate how to weight observables & bins

P. Skands
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Krishnamoorthy et al., EPJ Web Conf. 251 (2021) 03060
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Parameters (in PYTHIA): FSR pQCD Parameters

37

๏Additional Matrix Elements included? 
•At tree level / one-loop level?  Using what matching scheme? 

๏The value of the strong coupling  
•In PYTHIA, you set an effective value for   choice of  in  

๏Renormalization Scheme and Scale for   
•1- vs 2-loop running, MSbar / CMW scheme, choice of  in , cf   

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

•Branching Kinematics (z definitions, local vs global momentum conservation), 
hard parton starting scales / phase-space cutoffs, masses, non-singular terms, …

αs(m2
Z) ⇔ k αs(kp2

⊥)

αs
k αs(kp2

⊥)

P. Skands

αs(mZ)

αs Running

Matching

Subleading Logs



Parameters (in PYTHIA): String Tuning
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๏Fragmentation Function 
•The “Lund  and  parameters”  

๏ Or use  and  instead (less correlated)  

๏ +  for baryons 

๏Scale of string-breaking process 
•Shower cutoff and  in string breaks 

๏Mesons 
•Strangeness suppression, Vector/Pseudoscalar, η, η’, …  

๏Baryons  
•Baryon-to-meson ratios, Spin-3/2 vs Spin-1/2, 
“popcorn”, colour reconnections (junctions), … ?

a b
a ⟨z⟩

Δadiquark

⟨p⊥⟩

P. Skands

Hadron energy 
fractions

pT in string breaks

Meson Multiplets

Baryon Multiplets

A. Jueid et al., JCAP 05 (2019) 007

String Break

q

z



Parameters (in PYTHIA): Initial-State Radiaton

39

๏Additional Matrix Elements included? 
•At tree level / one-loop level?  What matching scheme?  

๏Starting scale  
•Relation between QPS and QF (Vetoed showers? Suppressed? cf matching) 

๏Initial-Final interference  
•I-F colour-flow interference effects (eg VBF & Tevatron  asym) & 
interleaving 

๏Value and running of the strong coupling  
•Governs overall amount of radiation (cf FSR) 

๏A small additional amount of “unresolved” kT 
•Fermi motion + unresolved ISR emissions + low-x effects?

tt̄

P. Skands

αs

Size of Phase Space

“Primordial kT”

Matching & Merging

Coherence

+ PDF 
Choice



Minimum-Bias & Underlying Event

40

๏Infrared Regularization scale  for the QCD 2→2 (Rutherford) 
scatterings used for multiple parton interactions  
→ average number of MPI, sets size of overall UE activity 

•Note: strongly correlated with choice of PDF set! (low-x gluon) 

๏Proton transverse mass distribution → difference between central 
(more active) vs peripheral (less active) collisions 

๏Color correlations between multiple-parton-interaction systems (aka 
colour reconnections — relative to LC) 

•→ shorter or longer strings → less or more hadrons per MPI 
•Affect <pT> vs Nch balance: High CR ➜ fewer particles, each carrying more 
pT 

๏Evolution of UE, , … with collider CM energy 
•Cast as energy evolution of pT0 parameter.

p⊥0

⟨dN/dη⟩

P. Skands

Number of MPI

Pedestal Rise

Strings per 
Interaction

 scalings



IR Safe Observables: Sensitivity to Hadronization Parameters
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Momentum Distribution 
of Charged Particles (tracks) 

at LEP (Z→hadrons)

Hadronization Corrections: Fragmentation Tuning
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Multiplicity Distribution 
of Charged Particles (tracks) 

at LEP (Z→hadrons)

<Nch(MZ)> ~ 21 

Now use infrared sensitive observables - sensitive to hadronization  + 
first few bins of previous (IR safe) ones

ξp = ln ( 2 |p |
ECM )

How many hadrons 
do you get? 

And how much 
momentum do they carry?

Longitudinal FF 
parameters a and b. 

Transverse pT 
broadening in string 

breaks (curtails high-N 
tail, and significantly 
affects event shapes)

Further parameter 
adiquark requires 

looking at a baryon 
spectrum 



Tune StringZ:aLund StringZ:avgZLund StringPT:sigma �2/ndf
Charged multiplicity 1.061+0.089

�0.096 0.518+0.011
�0.012 0.410+0.017

�0.016 43.4/104
Scaled momentum 0.598+0.053

�0.049 0.5295+0.0070
�0.0072 0.324+0.012

�0.012 70.7/180
� 0.61+0.32

�0.23 0.517+0.035
�0.039 0.344+0.067

�0.062 52.4/70
⇡0 1.22+0.18

�0.16 0.566+0.014
�0.014 0.340+0.020

�0.020 31/117
⇡± 0.757+0.082

�0.073 0.5029 0.0098
�0.0099 0.336+0.011

�0.011 72.5/205
T 1.34+0.27

�0.20 0.498+0.018
�0.019 0.241+0.022

�0.023 124/194
C-parameter 1.65+0.35

�0.42 0.621+0.053
0.038 0.390+0.067

�0.043 23.4/71
�, ⇡0,± (T1) 0.821 0.065

�0.060 0.5291+0.0057
�0.0057 0.3304+0.0060

�0.0060 321/514
All (T2) 0.976+0.054

�0.052 0.5496+0.0026
�0.0026 0.3227+0.0028

�0.0028 778/963

Table 4. Results of tunes performed separately to measurements of charged multiplicity, charged
scaled momentum, � spectra, ⇡0 spectra, ⇡± spectra, Thrust distribution and C-parameter. Results
of tunes combining measurements of �,⇡± and ⇡0 (T1) or all measurements (T2) are also reported.

Figure 13. Results of tunes performed separately to measurements of � spectra (red), ⇡± spec-
tra (magenta), ⇡± spectra (green), Thrust distribution (yellow), C-parameter (blue) and charged
particles scaled momentum (black). Measurements from Aleph (A), Delphi (D), Opal (O), L3
(L) and Sld (S) are used. The contours corresponding to a one, two and three standard deviations
are also shown.

5.2 Uncertainties

After discussing in details the results of the tuning and independent fits, we move to the
question of QCD uncertainties. Those can be separated into the perturbative uncertain-
ties, related to the parton showers evolution, and the non-perturbative ones, related to the
determination of the parameters of the fragmentation model. Uncertainties on the non-
perturbative part, are specific to the chosen model and the data used to constrain them,
leaving more ambiguities in the uncertainty estimate.

Uncertainties on parton showering in Pythia8 are estimated using the automatic setup
developed in [37] which aims for a comprehensive uncertainty bands by variation the cen-
tral renormalization scale by a factor of 2 in the two directions with a full NLO scale
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Different observables

Parameter without 5% with 5%

StringPT:Sigma 0.3151 +0.0010
�0.00010 0.3227+0.0028

�0.0028

StringZ:aLund 1.028+0.031
�0.031 0.976+0.054

�0.052

StringZ:avgZLund 0.5534+0.0010
�0.0010 0.5496+0.0026

�0.0026

�2/ndf 5169/963 778/963

Table 2. Results of tunes using the new parametrization of the Lund fragmentation function
in terms of the a and hz⇢i parameters. The second (third) column shows the result before (after)
including a flat 5% uncertainty to the theory prediction.

Tune StringZ:aLund StringZ:avgZLund StringPT:sigma �2/ndf
Aleph 0.827+0.066

�0.062 0.5447+0.0044
�0.0044 0.3105+0.0045

�0.0045 284.7/382
Delphi 0.67+0.11

�0.09 0.5290+0.0062
�0.0063 0.3110+0.0062

�0.0061 82/113
L3 1.186+0.093

�0.10 0.5708+0.0054
�0.0055 0.3303+0.0072

�0.0072 98/155
Opal 0.55 +0.11

�0.095 0.511+0.011
�0.012 0.318+0.013

�0.013 82.4/184
Sld 0.95+0.12

�0.11 0.5271+0.0097
�0.010 0.327+0.017

�0.017 34.4/116
COMBINED 0.976+0.054

�0.052 0.5496+0.0026
�0.0026 0.3227+0.0028

�0.0028 778/963

Table 3. Results of the tunes performed separately to all the considered measurements from a
given experiment. The COMBINED result corresponds to the T2 tune given in Table 2.

Figure 12. Results of tunes performed separately to all of the measurements from a given exper-
iment; Aleph (blue), Delphi (magenta), L3 (red), Opal (green), Sld (yellow) and COMBINED
(gray). The contours corresponding to one, two and three sigma deviations are also shown.

expected result given the fact that the C and T parameters have less sensitivity (expect in
their first few bins) on the fragmentation model and they are mainly sensitive to the shower
parameters, which are not varied in this study. Furthermore, for the same observables, the
StringZ:avgZLund and StringPT:sigma parameters are highly correlated as can be seen
from Fig. 13.
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Different experiments

Practical Example: Uncertainties on Dark-Matter Annihilation Spectra
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๏Compare different generators?  
•E.g., HERWIG  PYTHIA  
•Problem: tuned to ~ same data  
•Difference not guaranteed to span genuine uncertainties 

๏Instead, did parametric refittings of LEP data 
within PYTHIA’s modelling 

•Simple sanity limit / overfit 
protection / tension resolution:  

๏ Add blanket 5% baseline  
uncertainty  

•(+ exclude superseded 
measurements) 

๏+ Universality Tests:

−

P. Skands

Based on A. Jueid et al., 1812.07424 (gamma rays, eg for GCE) and 2202.11546 (antiprotons, eg for AMS) + 2303.11363 (all)

DM

DM

Jets

Parameter without 5% with 5%

StringPT:Sigma 0.3151 +0.0010
�0.00010 0.3227+0.0028

�0.0028

StringZ:aLund 1.028+0.031
�0.031 0.976+0.054

�0.052

StringZ:avgZLund 0.5534+0.0010
�0.0010 0.5496+0.0026

�0.0026

�2/ndf 5169/963 778/963

Table 2. Results of tunes using the new parametrization of the Lund fragmentation function
in terms of the a and hz⇢i parameters. The second (third) column shows the result before (after)
including a flat 5% uncertainty to the theory prediction.

Tune StringZ:aLund StringZ:avgZLund StringPT:sigma �2/ndf
Aleph 0.827+0.066

�0.062 0.5447+0.0044
�0.0044 0.3105+0.0045

�0.0045 284.7/382
Delphi 0.67+0.11

�0.09 0.5290+0.0062
�0.0063 0.3110+0.0062

�0.0061 82/113
L3 1.186+0.093

�0.10 0.5708+0.0054
�0.0055 0.3303+0.0072

�0.0072 98/155
Opal 0.55 +0.11

�0.095 0.511+0.011
�0.012 0.318+0.013

�0.013 82.4/184
Sld 0.95+0.12

�0.11 0.5271+0.0097
�0.010 0.327+0.017

�0.017 34.4/116
COMBINED 0.976+0.054

�0.052 0.5496+0.0026
�0.0026 0.3227+0.0028

�0.0028 778/963

Table 3. Results of the tunes performed separately to all the considered measurements from a
given experiment. The COMBINED result corresponds to the T2 tune given in Table 2.

Figure 12. Results of tunes performed separately to all of the measurements from a given exper-
iment; Aleph (blue), Delphi (magenta), L3 (red), Opal (green), Sld (yellow) and COMBINED
(gray). The contours corresponding to one, two and three sigma deviations are also shown.

expected result given the fact that the C and T parameters have less sensitivity (expect in
their first few bins) on the fragmentation model and they are mainly sensitive to the shower
parameters, which are not varied in this study. Furthermore, for the same observables, the
StringZ:avgZLund and StringPT:sigma parameters are highly correlated as can be seen
from Fig. 13.
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Practical Example: Uncertainties on Dark-Matter Annihilation Spectra

44

๏Same done for antiprotons, positrons, antineutrinos  
•Tables with uncertainties available on request. Also the spanning tune parameters of course.

P. Skands

Main Contact: adil.jueid@gmail.com
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Figure 14. Results of tunes performed separately to each of the observables. The weighted
average of the tunes to the individual measurements is shown with a black line. A green shaded
area indicated the 68% CL interval on the parameters.

are however still found to provide small uncertainties which cannot be interpreted as con-
servative. The uncertainty on the parameters of the Lund fragmentation function are very
small (below the one percent level) and inconsistent with the uncertainties of the data used
in the tune6. In Table 7 we also show the uncertainties from QCD on the photon spectra in
the peak region for �� ! gg for m� = 25 GeV where the nominal values of the parameters
correspond to the result of T2 tune and the corresponding eigentunes are shown in Table
5.

Therefore, we use an alternative method to estimate the uncertainty on the Lund
fragmentation function’s parameters. We, first, make a fit each measurement. Thus, for N

measurements, we get N best-fit points for each parameter. We then take the 68% CL errors

6We also checked their impact on the gamma-ray spectra in different final states and for different DM
masses including the ones corresponding to the pMSSM best fit points and have found that the bands
obtained from the eigentunes are negligibly small.
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Weighted Average: good 
consistency across observables

10-point variations ➤ Fairly 
convincing uncertainty bands?

x� (dN/dx�)T2 ± �had. ± �shower

0.00125 7.59+0.05%
�0.0%

+8.1%
�4.8%

0.002 13.79+0.18%
�0.26%

+8.3%
�4.9%

0.003 22.29+0.13%
�0.0%

+8.2%
�4.9%

0.005 31.95 +0.2%
�0.04%

+8.1%
�4.8%

0.008 40.74+0.12%
�0.05%

+7.7%
�4.6%

0.0125 45.83+0.08%
�0.09

+7.1%
�4.3%

0.02 45.01+0.13%
�0.02

+6.5%
�4.0%

0.03 39.43+0.13%
�0.0%

+5.2%
�3.3%

0.05 30.73 +0.0%
�0.15%

+3.1%
�2.1%

0.08 21.36 +0.0%
�0.06%

+0.4%
�0.5%

0.125 12.98+0.13%
�0.23%

+1.6%
�3.0%

Table 7. Scaled momentum of photons in the process �� ! gg for m� = 25 GeV where only
the peak region of the spectra is shown. In this table, we show the predictions from the weighted
tune denoted by T2 (the central values of the parameters and their eigentunes are shown in Tables
2 and 5). The 68% CL on hadronisation parameters are shown as first errors for each bin while
uncertainties due to shower variations are the second errors.
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Figure 15. Photon energy distribution for dark matter annihilation into W+W� with m� = 90.6
GeV (left) and into tt̄ with m� = 177.6 GeV (right). In the two cases, the result corresponding to
the new tune is shown in black line. Both the uncertainties from parton showering (gray bands)
and from hadronisation (blue bands) are shown. Predictions from Herwig7 are shown as a gray
solid line.

(gray bands) and hadronisation (blue bands) uncertainties. We can see that the predictions
from Pythia and Herwig agree very well except for E� 6 2 GeV where differences can
reach about 21% for E� ⇠ 0.4 GeV. Furthermore, one can see that uncertainties can be
important for both channels. Particularly, in the peak region which corresponds to energies
where the photon excess is observed in the galactic center region. Indeed combining them
in quadrature assuming the different type of uncertainties are uncorrelated, they can go
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Fragmentation Tuning — Know what Physics Goes In
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+ particle decays 
 effects of feed-down!  

 

 

 

→
ρ → ππ
K* → Kπ
η → πππ

…

Somewhat sensitive to particle composition: 
heavier hadrons are harder! f(z) ∝

1
z

(1 − z)aexp (−
b(m2

h + p2
⊥h)

z )

Kaons

Pions

Protons

(Mainly 
Leptons)



Meson and Baryon Rates and Ratios
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Figure 5: Hadronic Z decays at
p
s = 91.2GeV. Identified-meson and -baryon rates, expressed as

fractions of the average charged-particle multiplicity.
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Figure 6: Hadronic Z decays at
p
s = 91.2GeV. K± and ⇤ momentum-fraction spectra.
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(at ) s ∼ mZ

From PS et al., “Tuning PYTHIA 8.1: the Monash 2013 Tune”, Eur.Phys.J.C 74 (2014) 8

https://arxiv.org/abs/1404.5630


ISR + Primordial kT

47P. Skands
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Drell-Yan pT distribution

Below Peak: 
primordial kT

Tail:  
Phase space, , and 

MECs
αs

Above Peak: 
shower αs



Controlling for Process Dependence!

48P. Skands

Z tt
(PYTHIA has MECs) (PYTHIA does not have 

MECs)

These points are quite 
sensitive to MECs / 

Matching / Merging.

➜ we should ensure we do MECs / 
matching / merging if we want to use 

them (or something equivalent to that.)

Tail:  
Phase space, , and 

MECs
αs

Tail:  
Phase space, , and 

MECs
αs

Note: these distributions rely on Pythia’s “Power Showers”



Underlying Event

UE - LHC from 900 to 7000 GeV - ATLAS

49P. Skands

… until you reach a plateau (“max-bias”) also called the “jet pedestal” effect 
Interpreted as impact-parameter effect 

Qualitatively reproduced by MPI models

As you trigger on progressively higher pT, the entire event increases … 

Relative size of this plateau / min-bias depends on pT0, PDF, and b-profile

Same thing as before: how many particles do you get? And how much pT do they carry?



Interplay between MPI and PDF set

50P. Skands
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Figure 13: Comparison of the gluon PDF at Q2 = 2 GeV2 between recent LO and LO* PDF determinations.
For NNPDF2.3LO, results for both ↵s(MZ) = 0.130 and ↵s(MZ) = 0.119 are shown.

This is slightly lower than the current default value of ↵s(MZ) = 0.135, which however tends to
produce too high inclusive jet rates, cf. the MCPLOTS web site [25]. Reducing the ↵s value also for
MPI seems a reasonable first assumption; it should result in a slightly less “jetty” underlying event,
with activity shifted to lower p? scales.

Already at this level, before considering any details of the MPI modelling, we can show one of
the main theoretical reference distributions for multi-parton interactions: the integrated partonic QCD
2 ! 2 cross section (integrated above some pTmin scale), as a function of pTmin. All that is required
to compute this are the PDFs, the value of ↵s(MZ), and the simple QCD LO d�2!2 differential cross
sections. There is no dependence on other model parameters at this stage. Due to the 1/p4T singularity
of the differential Rutherford cross section12, this distribution diverges at low pTmin, an effect which
is further amplified by the running of ↵s (which blows up at low scales) and the PDFs (which become
large at low x). MPI models reconcile the calculated divergent parton-parton cross section with the
measured (or parametrized) total inelastic hadron-hadron cross section, by interpreting the divergence
as a consequence of each hadron-hadron collision containing several parton-parton ones, with

hniMPI (pT � pTmin) ⇡
�2!2(pT � pTmin)

�inel
. (7)

Note that there is some ambiguity whether to normalize to the total inelastic cross section, or to a
diffraction-subtracted smaller number. To be conservative, we show a comparison to the full �inel in
fig. 14. We compare two different ↵s and PDF settings, corresponding to the choices made in the
Monash 2013 tune (filled blue dots) and the current default 4C tune (open red squares), to the highly
precise measurement of the total inelastic cross section at 8 TeV by the TOTEM collaboration [72],

�inel(8 TeV) = (74.7± 1.7) mb. (8)

For reference, the value obtained from the default Donnachie-Landshoff and Schuler-Sjöstrand parametriza-
tions currently used in PYTHIA (/ s0.0808 at high energies [73, 74]) is 73 mb, consistent with the

12 t-channel gluon exchange gives an amplitude squared proportional to 1/t2, which for small pT goes to 1/p4T .
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Figure 17: PDF sampling by MPIs in inelastic non-diffractive pp collisions at 7 TeV. Top Left: the
x distribution of all MPI initiators (including the hardest scattering). Top Right: the fraction of MPI
initiators which are gluons, as a function of x. Bottom Left: the ū/u ratio. Bottom Right: the
distribution of the amount of x left in the beam remnant, after MPI (note: linear scale in x).
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Some PDFs that were available 
at the time of the Monash tune

Need sensible behaviour down to very low , 

and very low  ~ ISR/MPI cutoff ~ 1 GeV 
Negative PDFs not an option. Shower and MPI kernels are LO.

x
Q

Gluon PDF

 values for Pythia 
MPI initiators

x

NNPDF2.3LO αs = 0.13
CTEQ6L

CTEQ6L



“The Tyranny of Carlo”    [J. D. Bjorken, ca. 1990]

51

๏“Another change that I find disturbing is the rising tyranny of Carlo. No, I don’t mean that fellow 
who runs CERN [Rubbia], but the other one, with first name Monte. 

๏The simultaneous increase in detector complexity and in computation power has made simulation 
techniques an essential feature of contemporary experimentation. The MC simulation has become 
the major means of visualization of not only detector performance but also of physics phenomena. 
So far so good. 

๏But it often happens that the physics simulations provided by the MC generators carry the authority 
of data itself. They look like data and feel like data, and if one is not careful they are accepted as if 
they were data. All Monte Carlo codes come with a GIGO* warning label. But that warning label 
is just as easy for a physicist to ignore as that little message on a packet of cigarettes is for a chain 
smoker to ignore. I see nowadays experimental papers that claim agreement with QCD (translation: 
someone’s simulation labeled QCD) and/or disagreement with an alternative piece of physics 
(translation: an unrealistic simulation), without much evidence of the inputs into those simulations.”

P. Skands

๏*GIGO: Garbage In, Garbage Out

Treat Tuning & Validation Studies with same scientific rigour 
as any other scientific endeavour



Event Simulation — Summary

52

๏➜ Can split big problem into many (nested) pieces + make random choices (MC)2 ~ like in nature

P. Skands

Pevent = Phard ⌦ Pdec ⌦ PISR ⌦ PFSR ⌦ PMPI ⌦ PHad ⌦ . . .

Hard Process & Decays:  
Use process-specific (N)LO matrix elements (e.g., gg → H0 → γγ) 
→ Sets “hard” resolution scale for process: QHARD 

ISR & FSR (Initial- & Final-State Radiation):  
Driven by differential (e.g., DGLAP) evolution equations, dP/dQ2, as 
function of resolution scale; from QHARD to QHAD ~ 1 GeV   

MPI (Multi-Parton Interactions) 
Protons contain lots of partons → can have additional (soft) parton-parton 
interactions → Additional (soft) “Underlying-Event” activity  

Hadronisation 
Non-perturbative modeling of partons → hadrons transition 
Strings or clusters; followed by hadron and  decays τ

Separation of time scales  ➤  FactorizationsPhysics Maths

Merging
Eliminate 
double-
counting 
between 
fixed-order 
and shower 
corrections



Final Words
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๏MCs can be treated as black boxes, 
without knowing what’s in them. 

๏The key to successful Monte Carlo: 

P. Skands

Knowing what to throw away 

Knowing what to keep

•Best Case: Limited Sophistication

•Worst Case: Not your lucky day

Kenny Rogers “The Gambler”, first recorded in 1978 

Same year as the first version of PYTHIA (JETGEN)

In the words of Kenny Rogers


