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Parton Distribution Functions

Hadrons are composite, with time-dependent structure:

u
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p

fi(x, Q2) = number density of partons i
at momentum fraction x and probing scale Q2.

Linguistics (example):
F2(x, Q2) =

∑

i

e2i xfi(x, Q2)

structure function parton distributions

(for hadron to remain intact, 
virtualities k2 < Mh

2 
 High-virtuality fluctuations 

suppresed by powers of: 

↵sM2
h

k2
Mh : mass of hadron

k2 : virtuality of fluctuation

๏What are we really colliding? 
•Hadrons are composite, with time-
dependent structure 
•Partons within clouds of further 
partons, constantly being emitted 
and absorbed 

๏

illustration by T. Sjöstrand

Lattice simulation, D. Leinweber (Adelaide)



SUCH STUFF AS BEAMS ARE MADE OF
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๏Lifetime of typical fluctuation ~ rp/c (=time it takes light to cross a proton) 
•~ 10-23 s; Corresponds to a frequency of ~ 500 billion THz 

๏To the LHC, that’s slow! (reaches “shutter speeds” thousands of times faster) 
•E=hν ➜ νLHC = 13 TeV/h = 3.14 million billion THz 
•➜ Protons look “frozen” at moment of collision 

๏ But they have a lot more than just two “u” quarks and a “d” inside 

๏Hard to calculate (non-perturbative), so use statistics to parametrise 
the structure: parton distribution functions (PDFs) 

•@LO: Every so often I will pick a gluon, every so often a quark (antiquark) 
•Measured at previous colliders (+ now at LHC), as function of energy fraction

• Hard scattering knows nothing of the target hadron apart from 
the fact that it contained the struck parton → factorisation

[M. Seymour]



HADRON COLLISIONS
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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 ?

•(could we compute it in perturbation theory?)



extracted and applied as a function of the T2 track multi-
plicity and affects only the 1h category. The systematic
uncertainty is estimated to be 0.45% which corresponds
to the maximal variation of the background that gives a
compatible fraction of 1h events (trigger and pileup cor-
rected) in the two samples.

Trigger efficiency: This correction is estimated from the
zero-bias triggered events. It is extracted and applied as a
function of the T2 track multiplicity, being significant
for events with only one track and rapidly decreasing to
zero for five or more tracks. The systematic uncertainty is
evaluated comparing the trigger performances with and
without the requirement of having a track pointing to the
vertex and comparing the overall rate correction in the two
samples.

Pileup: This correction factor is determined from the
zero-bias triggered events: the probability to have a bunch
crossing with tracks in T2 is 0.05–0.06 from which the
probability of having n ! 2 inelastic collisions with tracks
in T2 in the same bunch crossing is derived. The systematic
uncertainty is assessed from the variation, within the same
data set, of the probability to have a bunch crossing with
tracks in T2 and from the uncertainty due to the T2 event
reconstruction efficiency.

Reconstruction efficiency: This correction is estimated
using Monte Carlo generators (PYTHIA8 [13], QGSJET-
II-03 [14]) tuned with data to reproduce the measured
fraction of 1h events which is equal to 0:216" 0:007.
The systematic uncertainty is assumed to be half of the
correction: as it mainly depends on the fraction of events
with only neutral particles in T2, it accounts for variations
between the different Monte Carlo generators.

T1 only: This correction takes into account the amount
of events with no final state particles in T2 but one or
more tracks in T1. The uncertainty is the precision with
which this correction can be calculated from the zero-bias
sample plus the uncertainty of the T1 reconstruction
efficiency.

Internal gap covering T2: This correction takes into
account the events which could have a rapidity gap fully
covering the T2 ! range and no tracks in T1. It is estimated
from data, measuring the probability of having a gap in T1

and transferring it to the T2 region. The uncertainty takes
into account the different conditions (average charged
multiplicity, pT threshold, gap size, and surrounding
material) between the two detectors.
Central diffraction: This correction takes into account

events with all final state particles outside the T1 and T2
pseudorapidity acceptance and it is determined from simu-
lations based on the PHOJET and MBR event generators
[15,16]. Since the cross section is unknown and the uncer-
tainties are large, no correction is applied to the inelastic
rate but an upper limit of 0.25 mb is taken as an additional
source of systematic uncertainty.
Low mass diffraction: The T2 acceptance edge at j!j ¼

6:5 corresponds approximately to diffractive masses of
3.6 GeV (at 50% efficiency). The contribution of events
with all final state particles at j!j> 6:5 is estimated with
QGSJET-II-03 after tuning the Monte Carlo prediction with

TABLE IV. Summary of the measured cross sections with detailed uncertainty composition.
The " uncertainty follows from the COMPETE preferred-model " extrapolation error of
"0:007. The right-most column gives the full systematic uncertainty, combined in quadrature
and considering the correlations between the contributions.

Systematic uncertainty

Quantity Value el. t-dep el. norm inel " ) full

#tot (mb) 101.7 "1:8 "1:4 "1:9 "0:2 ) "2:9
#inel (mb) 74.7 "1:2 "0:6 "0:9 "0:1 ) "1:7
#el (mb) 27.1 "0:5 "0:7 "1:0 "0:1 ) "1:4
#el=#inel (%) 36.2 "0:2 "0:7 "0:9 ) "1:1
#el=#tot (%) 26.6 "0:1 "0:4 "0:5 ) "0:6

FIG. 1 (color). Compilation [8,20–24] of the total (#tot), in-
elastic (#inel) and elastic (#el) cross-section measurements: the
TOTEM measurements described in this Letter are highlighted.
The continuous black lines (lower for pp, upper for !pp) repre-
sent the best fits of the total cross-section data by the COMPETE
collaboration [19]. The dashed line results from a fit of the
elastic scattering data. The dash-dotted lines refer to the inelastic
cross section and are obtained as the difference between the
continuous and dashed fits.
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PP CROSS SECTIONS 
TOTEM, PRL 111 (2013) 1, 012001

�inel(13 TeV) ⇠ 80± 3.5 mb

�
tot

(13 TeV) ⇠ 110± 6 mb

�
tot

(8 TeV) = 101± 2.9 mb
(2.9%)

�el(8 TeV) = 27.1± 1.4 mb
(5.1%)

�inel(8 TeV) = 74.7± 1.7 mb
(2.3%)

�
tot

(s) = �
el

(s) + �
inel

(s) / s0.08 or ln

2

(s) ?
Donnachie-Landshoff Froissart-Martin Bound

total

inelastic

elastic

PYTHIA: 100 mb

PYTHIA: 78 mb

(PYTHIA versions: 6.4.28 & 8.1.80)

PYTHIA: 73 mb
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PYTHIA elastic 
is too low

PY
TH

IA
PY

TH
IA



HADRON COLLISIONS
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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”)

Hit Hit

Example of 
“Minimum Bias 

Trigger”

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”)



(ASIDE: WHAT IS DIFFRACTION?)
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ZDC?

n0,γ, … 

?

ZDC?

n0,γ, … 

Measure
p’

Glueball-Proton Collider 
with variable ECM

Also:  
“Double Diffraction”: both protons explode; defined by gap inbetween 

“Central Diffraction”: two protons + a central (exclusive) system
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without multiple interactions

Sjöstrand & v. Zijl, Phys.Rev.D36(1987)2019

Distribution of
the number of 
Charged Tracks

Do not be scared of the failure of physical models
(typically points to more interesting physics)

models

Correlation Strength 
(forward-backward)

some global 
(quantum) 

number tells 
the entire 
event to 

fluctuate up or 
down ?

some 
mechanism for 

generating 
much bigger 
fluctations in 
multiplicity 

(here: of charged tracks)



HARD INTERACTIONS IN HADRON COLLISIONS
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๏1983: the “Pedestal Effect”  
•UA1: 
•Studies of jets with ET up to 
100 GeV

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 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


DISSECTING THE PEDESTAL
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๏Today, we call the pedestal 
“the Underlying Event”

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)

Looks like something we’ve seen before … ?

(but pedestal too 
high to be just 
one string …)

Rapidity (along string axis)



FROM HARD TO SOFT
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๏Factorisation and IR safety 
•Main tools for jet calculations 
•Corrections suppressed by powers of 
ΛQCD/QHard  

๏Soft QCD / Minimum-Bias 

•~ ∞ statistics for min-bias 
๏ → Access tails, limits 

•Universality: Recycling PU ⬌ MB ⬌ UE

NO HARD SCALE
Typical Q scales ~ ΛQCD

Extremely sensitive to IR effects 
→ Excellent LAB for studying IR effects

CMS “R
idge”

Track multiplicitie
s

pT spectra

Identified Particles

Correlations

Rapidity Gaps

Color Correlations

Collective Effects?

Central vs Forward

Baryon Transport
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IS THERE NO HARD SCALE?
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๏Compare total (inelastic) hadron-hadron cross section to calculated 
parton-parton (LO QCD 2→2) cross section
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to additional reconstructible jets is, however, quite small. Soft interactions that do not give
rise to observable jets are much more plentiful, and can give significant corrections to the
color flow and total scattered energy of the event. This a↵ects the final-state activity in a
more global way, increasing multiplicity and summed E

T

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

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

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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→ 8 TEV → 100 TEV
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๏→ Trivial calculation indicates hard scales in min-bias

0 5 10 15 20

In
te

gr
at

ed
 c

ro
ss

 s
ec

tio
n 

[m
b]

1

10

210

310

410

510

Tmin
) vs p

Tmin
 p≥

T
(p2→2σ

Pythia 8.183

INELσTOTEM 
=0.130 NNPDF2.3LOsα

=0.135 CTEQ6L1sα

V 
I N

 C
 I 

A 
R

 O
 O

 T

100 TeV pp

Tmin
p

0 5 10 15 20

R
at

io

0

0.5

1

1.5

0 5 10 15 20

In
te

gr
at

ed
 c

ro
ss

 s
ec

tio
n 

[m
b]

-110

1

10

210

310

410

Tmin
) vs p

Tmin
 p≥

T
(p2→2σ

Pythia 8.183

INELσTOTEM 
=0.130 NNPDF2.3LOsα

=0.135 CTEQ6L1sα

V 
I N

 C
 I 

A 
R

 O
 O

 T

8 TeV pp

Tmin
p

0 5 10 15 20

R
at

io

0

0.5

1

1.5 Expect average pp event 
to reveal “partonic” 
structure at 4-5 GeV scale!

LO QCD 2→2  
(Rutherford)

total inelastic cross section

R
A

T
IO

In
te

g
ra

te
d

 C
ro

ss
 S

e
ct

io
n

 (
m

b
) 8 TeV

(data)

100 TeV

→ 10 GeV scale!



SUMMARY FOR NOW: WE KNOW 3 THINGS
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Parton Distribution Functions

Hadrons are composite, with time-dependent structure:

u
d
g
u

p

fi(x, Q2) = number density of partons i
at momentum fraction x and probing scale Q2.

Linguistics (example):
F2(x, Q2) =

∑

i

e2i xfi(x, Q2)

structure function parton distributions

1) Hadrons are composite
Factorisation: hard interaction picks out a 
single parton; what about the rest?

At some level, multiple-parton-interactions 
must occur (only a question of how often)

2) Events with a hard trigger are 
accompanied by an “underlying event”

3) Simple calculations indicate the presence of (semi)hard scales 
even when no hard trigger is imposed (“minimum bias”)

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 heightLooks too high to be just one string
Multiple colour exchanges ?



PHYSICS OF THE PEDESTAL
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๏Factorisation: Subdivide Calculation 
๏

QF Q2

Multiple Parton Interactions go beyond existing theorems  

→ perturbative short-distance physics in Underlying Event 

→ Need to generalize factorisation to MPI 



P. Skands

Multiple Parton Interactions

16

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)
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dp2?
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dp2?

Leading-Order pQCD
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! 0 (which would violate unitarity), we have restated the problem so that
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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.
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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,
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Earliest MC model (“old” PYTHIA 6 model)
Sjöstrand, van Zijl PRD36 (1987) 2019



HOW MANY?
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๏Naively 

•If the interactions are assumed ~ independent (naive factorisation) → Poisson
σint(p⊥min) =

∫ ∫ ∫

p⊥min

dx1 dx2 dp2
⊥ f1(x1, p2

⊥) f2(x2, p2
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dp2
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Half a solution to σint(p⊥min) > σtot: many interactions per event
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⟨n⟩ = 2

0 1 2 3 4 5 6 7

If interactions occur independently
then Poissonian statistics
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n!
e−⟨n⟩

but energy–momentum conservation
⇒ large n suppressed
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(example)
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2!2

(p?min

)i = �
2!2

(p?min

)

�
tot

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



IMPACT PARAMETER
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Simplest idea: smear PDFs across a uniform disk of size πrp2 

→ simple geometric overlap factor ≤ 1 in dijet cross section 
Some collisions have the full overlap, others only partial 
→ Poisson distribution with different mean <n> at each b

1. Simple Geometry (in impact-parameter plane)

2. More realistic Proton b-shape 

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.



NUMBER OF MPI

Peter  Skands 19Monash Univers i ty

๏Minimum-Bias pp collisions at 7 TeV

*

*note: can be 
arbitrarily soft

Averaged over all 
pp impact 

parameters 

(Really: 
averaged over all 

pp overlap 
enhancement 

factors)
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1: A SIMPLE MODEL
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๏Take literally
Parton-Parton Cross Section Hadron-Hadron Cross Section

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 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) = ⌥n�(p⇥min) �tot , (1.14)

with ⌥n�(p⇥min) giving the average of a Poisson distribution in the number of parton-parton
interactions above p⇥min per hadron-hadron collision,
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n exp (�⌥n�(p⇥min))
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. (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 ⌥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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1. Choose pTmin cutoff 
= main tuning parameter

2. Interpret <n>(pTmin) as mean of Poisson distribution
Equivalent to assuming all parton-parton interactions equivalent and 
independent ~ each take an instantaneous “snapshot” of the proton

3. Generate n parton-parton interactions (pQCD 2→2)
Veto if total beam momentum exceeded → overall (E,p) cons

4. Add impact-parameter dependence → <n> = <n>(b)
Assume factorization of transverse and longitudinal d.o.f., → PDFs : f(x,b) = f(x)g(b)
b distribution ∝ EM form factor → JIMMY model (F77 Herwig)
Constant of proportionality = second main tuning parameter

5. Add separate class of “soft” (zero-pT) interactions representing 
interactions with  pT < pTmin and require σsoft + σhard = σtot
→ Herwig 7 model

A minimal model incorporating single-parton factorization, perturbative unitarity, and energy-and-momentum conservation

Ordinary CTEQ, MSTW, NNPDF, …

Bähr et al, arXiv:0905.4671

Butterworth, Forshaw, Seymour 
Z.Phys. C72 (1996) 637



2: INTERLEAVED EVOLUTION
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  Underlying Event 
(note: interactions correllated in colour: 

hadronization not independent) 

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

multiparton 
PDFs derived 
from sum rules 

Beam remnants 
Fermi motion /  
primordial kT 

Fixed order 
matrix elements 

Parton Showers 
(matched to  
further Matrix  
Elements) 

perturbative  
“intertwining”? 

“New” Pythia model 

Sjöstrand, P.S., JHEP 0403 (2004) 053; EPJ C39 (2005) 129

(B)SM
2→2

The model in Pythia 8



M C  v s  H a d ro n  C o l l i s i o n s

Sjöstrand & v. Zijl, Phys.Rev.D36(1987)2019

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.
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CHARACTERISING THE UNDERLYING EVENT
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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 Trigger Object 
(e.g., hardest track, Track-Jet, or Calo-Jet)  
(more inclusive to use jets, but track-
based analyses also useful)

~ Recoil Jet

Δφ with 
respect to 
leading 
track/jet

“TOWARDS” 
REGION

“TRANSVERSE” 
REGION

“AWAY” 
REGION

(The “Rick Field” UE Plots - the same Field as in Field-Feynman)



THE PEDESTAL  
(NOW CALLED THE UNDERLYING EVENT)

Peter  Skands

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!”

24Monash Univers i ty

Truth is in the eye of 
the beholder:



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

note: PHOJET does not 
describe the rise of the UE

Maximum 
Bias

Minimum 
Bias

Plot from mcplots.cern.ch

http://mcplots.cern.ch
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COLOUR SPACE 
IN HADRON COLLISIONS

26



COLOUR CONFUSION
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๏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

Now add MPI:

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 



COLOR CORRELATIONS
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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 

Different models make different ansätze

Each MPI (or cut Pomeron) exchanges color between the beams

1

2

3

4

2

# of 
string
s

FWD

FWD

CTRL

Sjöstrand & PS, JHEP 03(2004)053



Sjöstrand & PS, JHEP 03(2004)053

COLOR CORRELATIONS
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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 

Different models make different ansätze

Each MPI (or cut Pomeron) exchanges color between the beams

1

2

3

5

3

FWD

FWD

CTRL

# of 
string
s



COLOR CONNECTIONS
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Rapidity

NC → ∞

Better theory models needed

Multiplicity ∝ NMPI



COLOR RECONNECTIONS?
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Rapidity

Do the systems really form 
and hadronize independently?

Multiplicity ∝ NMPI
<

This is a highly active research area right now 
Analogies with Strings in Superconductors: Khoze & Sjostrand Z.Phys. C62 (1994) 281 
Generalized Area Law: Rathsman: Phys. Lett. B452 (1999) 364 
Colour Annealing: Skands & Wicke: Eur. Phys. J. C52 (2007) 133 
Cluster-based models: e.g. Gieseke et al., Eur.Phys.J. C72 (2012) 2225  
Dipole Swing, Lonnblad et al. 
Gluon Move Model, Sjostrand et al. 
Colour Ropes: Bierlich et al, JHEP 1503 (2015) 148  
String Formation Beyond Leading Colour: Christensen & Skands: arXiv:1505.01681 
String interactions? Hydrodynamics (EPOS: Werner et al.,)? Collective flow? Pressure? Rescatterings?

Better theory models needed



COLOUR: WHAT’S THE PROBLEM?
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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



COLOUR RECONNECTIONS
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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 Hydro?

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



COLLECTIVE EFFECTS?
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๏A rough indicator of how much colour gets kicked around, 
should be the number of particles produced 

•So we study event properties as a function of “Nch” = Ntracks

without 
CR

Peripheral (MB) Central (UE)
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OTHER INDICATIONS
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Note: 
from RHIC 
(200 GeV)

Plots from mcplots.cern.ch

<pT> vs Particle Mass NB: same model 
at LEP is within 5% 

Where have all the Λ gone?

Heavier particles are harder

in pp

Similar issues with other 
strange particles

http://mcplots.cern.ch


… and then there was this …

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

Relative Strangeness 
Production
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PYTHIA8
DIPSY
EPOS LHC

• 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
[2] JHEP 08 (2011) 103
[3] Phys. Rev. C 92, 034906 (2015)

[1]
[2]

[3]

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

§ Small systems:
- Strangeness enhancement
- Relative decrease of K∗D
- No multiplicity dependence of 

baryon/meson ratio

§ Towards central Pb-Pb:
- Strangeness abundance 

constant
- K∗D abundance decreases 

further
- Baryon/meson decreases

Particle Ratios Across Colliding Systems

11



SUMMARY: MCS & PARTON SHOWERS
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๏Aim: generate events in as much detail as mother nature 
•→ Make stochastic choices ~ as in Nature (Q.M.) → Random 
numbers 
•Factor complete event probability into separate universal pieces, 
treated independently and/or sequentially (Markov-Chain MC) 

๏Improve Born-level theory with ‘most significant’ corrections 
•Resonance decays (e.g., t→bW+, W→qq’, H0→γ0γ0, Z0→μ+μ-, …) 
•Bremsstrahlung (FSR and ISR, exact in collinear and soft* limits) 
•Hard radiation (matching) 
•Hadronization (strings/clusters, discussed tomorrow)  
•Additional Soft Physics: multiple parton-parton interactions, Bose-
Einstein correlations, colour reconnections, hadron decays, …



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

•

The secret to successful MC is: 
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)
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(SOME CAVEATS OF MPI-BASED MODELS)
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to additional reconstructible jets is, however, quite small. Soft interactions that do not give
rise to observable jets are much more plentiful, and can give significant corrections to the
color flow and total scattered energy of the event. This a↵ects the final-state activity in a
more global way, increasing multiplicity and summed E

T

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

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

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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⊗ PDFs

Main applications 
of factorisation:

Central Jets/EWK/top/
Higgs/New Physics 

Gluon PDF  
x*f(x) 

Q2 = 1 GeV2 Warning:  
NLO PDFs < 0
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pT0 scale vs CM energy 
Range for Pythia 6 
Perugia 2012 tunes

100 TeV

30 TeV
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0.9 TeV

Poor Man’s Saturation

High Q2 
and 

finite x

Extrapolation to soft scales delicate. 
Impressive successes with MPI-based 
models but still far from ‘problem solved’

Form of PDFs at small x and Q2 

Form and Ecm dependence of pT0 regulator 
Modeling of the diffractive component 
Proton transverse mass distribution 
Colour Reconnections, Collective Effects

“Saturation” ?

See also Connecting hard to soft: KMR, EPJ C71 (2011) 1617   +   PYTHIA “Perugia Tunes”: PS, PRD82 (2010) 074018 + arXiv:1308.2813

http://arxiv.org/abs/arXiv:1102.2844
http://arxiv.org/abs/arXiv:1005.3457
http://arxiv.org/abs/arXiv:1308.2813


What Cross Section?
Total Inelastic

Fraction with one charged particle in |η|<1

ALICE def : SD has MX<200

Ambiguous Theory Definition

Ambiguous Theory Definition

Ambiguous Theory Definition
Observed fraction corrected to total

σINEL @ 30 TeV: 
~ 90 mb

σINEL @ 100 TeV: 
~ 108 mb

σSD: a few mb larger than at 7 TeV 
σDD ~ just over 10 mb

σINEL @ 13 TeV ~ 80 mb�inel(13 TeV) ⇠ 80± 3.5 mb

THE INELASTIC CROSS SECTION

Peter  Skands 42Monash Univers i ty

๏First try: decompose 
•+ Parametrizations of diffractive components: dM2/M2 

๏

�inel = �sd + �dd + �cd + �nd

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

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

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

The di�ractive cross sections are given by

d⌅sd(XB)(s)

dt dM2
=

g3IP

16⇤
⇥AIP ⇥2

BIP

1

M2
exp(Bsd(XB)t) Fsd ,

d⌅sd(AX)(s)

dt dM2
=

g3IP

16⇤
⇥2

AIP ⇥BIP
1

M2
exp(Bsd(AX)t) Fsd ,

d⌅dd(s)

dt dM2
1 dM2

2

=
g2
3IP

16⇤
⇥AIP ⇥BIP

1

M2
1

1

M2
2

exp(Bddt) Fdd . (116)

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

⇤
sref = 20 GeV, the couplings are

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

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

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

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

Bsd(XB)(s) = 2bB + 2�⇥ ln
�

s

M2

⇥
,

Bsd(AX)(s) = 2bA + 2�⇥ ln
�

s

M2

⇥
,

Bdd(s) = 2�⇥ ln

⇤

e4 +
ss0

M2
1 M2

2

⌅

. (117)

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

1 M2
2 .

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

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

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

A/s, µ2 = m2
B/s, µ3 = M2

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

elastically), µ4 = M2
(2)/s (= m2

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

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

C2 =
⇧

(1� µ1 � µ2)2 � 4µ1µ2

⇧
(1� µ3 � µ4)2 � 4µ3µ4 ,

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

one has tmin < t < tmax with

tmin = �s

2
(C1 + C2) ,

tmax = �s

2
(C1 � C2) = �s

2

4C3

C1 + C2
=

s2C3

tmin
. (119)

113

+ Integrate and 
solve for σnd

log10(
p
s/GeV)

Note problem of 
principle: Q.M. 

requires 
distinguishable 

final states

PYTHIA:



(+ DIFFRACTION)
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p+

“Intuitive picture”

Parton Distribution Functions

Hadrons are composite, with time-dependent structure:

u
d
g
u

p

fi(x, Q2) = number density of partons i
at momentum fraction x and probing scale Q2.

Linguistics (example):
F2(x, Q2) =

∑

i

e2i xfi(x, Q2)

structure function parton distributions

Hard ProbeCompare with
normal PDFs

Long-Distance

Short-Distance
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Long-Distance

p+

“Intuitive picture”

Short-Distance

Parton Distribution Functions

Hadrons are composite, with time-dependent structure:

u
d
g
u

p

fi(x, Q2) = number density of partons i
at momentum fraction x and probing scale Q2.

Linguistics (example):
F2(x, Q2) =

∑

i

e2i xfi(x, Q2)

structure function parton distributions

Hard ProbeCompare with
normal PDFs

Very Long-Distance
Q < Λ

Virtual π+ (“Reggeon”)

n0

p+

Virtual “glueball” 
(“Pomeron”) = (gg) color singlet

→ Diffractive PDFs
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Long-Distance
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“Intuitive picture”

Short-Distance

Parton Distribution Functions

Hadrons are composite, with time-dependent structure:

u
d
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p

fi(x, Q2) = number density of partons i
at momentum fraction x and probing scale Q2.

Linguistics (example):
F2(x, Q2) =

∑

i

e2i xfi(x, Q2)

structure function parton distributions

Hard Probe
Compare with
normal PDFs

Very Long-Distance
Q < Λ

Virtual π+ (“Reggeon”)

n0
Virtual “glueball” 

(“Pomeron”) = (gg) color singlet
→ Diffractive PDFs

X

Gap
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WHAT IS DIFFRACTION?
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Single Diffraction
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Measure
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Glueball-Proton Collider 
with variable ECM

Double Diffraction: both protons explode; gap inbetween 
Central Diffraction: two protons + a central (exclusive) system



P e t e r  S k a n d s

Recent news from ALICE (ICHEP 2016)

47

๏A clear enhancement of strangeness with 
(pp) event multiplicity is observed 

•Especially for multi-strange baryons 
•No corresponding enhancement for 
protons (not shown here but is in ALICE paper)  
•→ this really must be a strangeness effect 
•Cross-check measurements of the phi 
meson are now underway 

๏Jet universality: jets at LHC modelled the 
same as jets at LEP 

•→ Flat line ! (cf PYTHIA) 
•DIPSY includes “colour ropes” with 
higher effective string tension 
•EPOS includes hydrodynamic “core” 
with higher effective temperature

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

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

§ Small systems:
- Strangeness enhancement
- Relative decrease of K∗D
- No multiplicity dependence of 

baryon/meson ratio

§ Towards central Pb-Pb:
- Strangeness abundance 

constant
- K∗D abundance decreases 

further
- Baryon/meson decreases

Particle Ratios Across Colliding Systems

11

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
[2] JHEP 08 (2011) 103
[3] Phys. Rev. C 92, 034906 (2015)

[1]
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P e t e r  S k a n d s

The Plot Thickens

48

๏Looks like the effect, whatever it 
is, continues smoothly into p-Pb

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

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

Relative Strangeness 
Production
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§ Small systems:
- Strangeness enhancement
- Relative decrease of K∗D
- No multiplicity dependence of 

baryon/meson ratio

§ Towards central Pb-Pb:
- Strangeness abundance 

constant
- K∗D abundance decreases 

further
- Baryon/meson decreases
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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

• Follows the trend observed in p-Pb, 
despite differences in initial state

• Particle ratios reach values that are 
similar to those observed in central Pb-
Pb collisions
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๏Looks like the effect, whatever it 
is, continues smoothly into p-Pb 

•… and into Pb-Pb ! 
•Unexpected. 

๏Looks like jet universality and 
hadronisation in pp is up for 
revision. 

•Is it thermal? Stringy? Both? 
•Collective? Flowy? …  

๏Physics must explain smooth 
transition to heavy ions. No 
abrupt “phase transition” seen in 
these observables
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