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Event topologies

Expect and observe high multiplicities at the LHC.

What are production mechanisms behind this?
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The structure of an event

An event consists of many different physics steps,
which have to be modelled by event generators:
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Hadronization: the Lund string model

Field lines compressed to
tubelike regions: strings!
Linear confinement:
V (r) ≈ κr , κ ≈ 1 GeV/fm
Lorentz invariant.

String breaking by tunneling:

P ∝ exp(−πm2
⊥q/κ)

with adjacent pairs forming
mesons (and baryons).

dn/dy ≈ 1 flat, but with short-range (anti)correlations.

Common Gaussian p⊥ spectrum.

Varied hadron production, with suppression of heavy quarks,
and short-range flavour (anti)correlations.

Generally supported by LEP, but some unresolved flavour issues.
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Hadronization: the Lund gluon picture

A gluon = an energy–momentum-carrying kink on the string.
Force ratio g/q = 2, cf. QCD NC/CF = 9/4, → 2 for NC →∞.
No new parameters introduced for gluon jet hadronization!

Predicted for & discovered at PETRA, verified at LEP!
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Hadronization: string vs. cluster

program PYTHIA HERWIG
model string cluster

energy–momentum picture powerful simple
(space-time picture) predictive unpredictive
parameters few many

flavour composition messy simple
in-between in-between

parameters many few(er)

Overall, string model unsurpassed, > 30 years later (alas!)
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Terminology for pp collisions

σtot = σelastic + σsingle−diff + σdouble−diff + · · ·+ σnon−diff

Minimum Bias (MB) ≈ “all events, with no bias from restricted
trigger conditions”.
Experiment: σmin−bias ≈ σnon−diff +σdouble−diffractive ≈ 2/3 × σtot

Theory (here): σmin−bias ≈ σnon−diff

Underlying Event (UE): particles in an event with a hard process,
but not originating from the process as such.

Pedestal effect: the UE contains more activity than a normal
MB event does (even discarding diffractive events).

Trigger bias: a jet ”trigger” criterion E⊥jet > E⊥min is more easily
fulfilled in events with upwards-fluctuating UE activity, since the
UE E⊥ in the jet cone counts towards the E⊥jet. Not enough!

Pileup: several pp collisions in a bunch crossing; separate issue.
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The divergence of the QCD cross section

Cross section for 2 → 2 interactions is dominated by t-channel

gluon exchange, so diverges like dσ̂/dp2
⊥ ≈ 1/p4

⊥ for p⊥ → 0.

Integrate QCD 2 → 2
qq′ → qq′

qq → q′q′

qq → gg
qg → qg
gg → gg
gg → qq
(with CTEQ 5L PDF’s)
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Multiple Partonic Interactions (MPI)

Note that σint(p⊥min), the number of (2 → 2 QCD) interactions
above p⊥min, involves integral over PDFs,

σint(p⊥min) =

∫∫∫
p⊥min

dx1 dx2 dp2
⊥ f1(x1, p

2
⊥) f2(x2, p

2
⊥)

dσ̂
dp2

⊥

with
∫

dx f (x , p2
⊥) = ∞, i.e. infinitely many partons.

So half a solution to σint(p⊥min) > σtot is

many interactions per event: MPI (historically MI or MPPI)

σtot =
∞∑

n=0

σn

σint =
∞∑

n=0

n σn

σint > σtot ⇐⇒ 〈n〉 > 1
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Colour screening

Other half of solution is that perturbative QCD is not valid at
small p⊥ since q, g are not asymptotic states (confinement!).

Naively breakdown at

p⊥min '
~
rp
≈ 0.2 GeV · fm

0.7 fm
≈ 0.3 GeV ' ΛQCD

. . . but better replace rp by (unknown) colour screening length d in
hadron:
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Regularization of low-p⊥ divergence

so need nonperturbative regularization for p⊥ → 0 , e.g.

dσ̂
dp2

⊥
∝
α2

s (p
2
⊥)

p4
⊥

→
α2

s (p
2
⊥)

p4
⊥

θ (p⊥ − p⊥min) (simpler)

or →
α2

s (p
2
⊥0 + p2

⊥)

(p2
⊥0 + p2

⊥)2
(more physical)

where p⊥min or p⊥0 are free parameters,
empirically of order 2 GeV.

Typically 2 – 3 interactions/event at the
Tevatron, 4 – 5 at the LHC, but may be
more in “interesting” high-p⊥ ones.
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Energy dependence of p⊥min and p⊥0

HERA PDF data, with steeper small-x rise, introduced need for
energy-dependent p⊥min and p⊥0:

Larger collision energy
⇒ probe parton
(≈ gluon) density
at smaller x
⇒ smaller colour
screening length d
⇒ larger p⊥min/p⊥0

⇒ dampened
multiplicity rise

p⊥0 ∝ sε, ε ≈ 0.08

in DL tune to σtot
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Indirect evidence for MPI – 1

without MPI:

(TS & M. van Zijl, 1987)
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Indirect evidence for MPI – 2

with MPI included:

(TS & M. van Zijl, 1987)
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Indirect evidence for MPI – 3

At the LHC:
Need fine-tuning of MPI,
but without it way off
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MPI and event generators

All modern general-purpose generators are built on MPI concepts.

but details differ, both physics and technology, e.g.

a single regularized hard component
or separate hard + soft components

multiparton PDFs

MPIs generated ordered in p⊥ or not

MPIs before ISR+FSR, after ISR+FSR, or interleaved

energy/momentum/flavour conservation

impact-parameter profile

energy dependence, e.g. of p⊥0

beam-remnant structure

colour connection & reconnection strategies

other collective effects: ropes, QGP, flow, BE

. . .

Will concentrate on Pythia 8 in the following.
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Basic generation of MPI

Differential probability for interaction at p⊥ is

dP

dp⊥
=

1

σnd

dσ
dp⊥

considering nondiffractive events only.

Apply to sequence of decreasing p⊥1 > p⊥2 > p⊥3 > . . .

P(p⊥ = p⊥i ) =
1

σnd

dσ
dp⊥

exp

[
−

∫ p⊥(i−1)

p⊥

1

σnd

dσ
dp′⊥

dp′⊥

]
starting from p⊥max = Ecm/2,
and including “Sudakov” factor (cf. radioactive decay).

Use rescaled PDF’s taking into account
already used momentum and flavours.

Require ≥ 1 interaction in an event
or else pass through without anything happening.
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Interleaved evolution

• Transverse-momentum-ordered parton showers for ISR and FSR.
• MPI also ordered in p⊥.

⇒ Allows interleaved evolution for ISR, FSR and MPI:

dP
dp⊥

=

(
dPMPI

dp⊥
+

∑ dPISR

dp⊥
+

∑ dPFSR

dp⊥

)
× exp

(
−

∫ p⊥max

p⊥

(
dPMPI

dp′⊥
+

∑ dPISR

dp′⊥
+

∑ dPFSR

dp′⊥

)
dp′⊥

)
Ordered in decreasing p⊥ using “Sudakov” trick.

Corresponds to increasing “resolution”:
smaller p⊥ fill in details of basic picture set at larger p⊥.

Start from fixed hard interaction ⇒ underlying event

No separate hard interaction ⇒ minbias events

Possible to choose two hard interactions, e.g. W−W−
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Rescattering Rescattering

Often
assume
that
MPI =

. . . but
should
also
include

Same order in αs, ∼ same propagators, but
• one PDF weight less⇒ smaller σ
• one jet less⇒ QCD radiation background 2→ 3 larger than 2→ 4

⇒ will be tough to find direct evidence.

Rescattering grows with number of “previous” scatterings:
Tevatron LHC

Min Bias QCD Jets Min Bias QCD Jets
Normal scattering 2.81 5.09 5.19 12.19
Single rescatterings 0.41 1.32 1.03 4.10
Double rescatterings 0.01 0.04 0.03 0.15

R. Corke & TS, JHEP 01 (2010) 035
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Impact parameter dependence

• Events are distributed in impact parameter b

O(b) =

∫
d3xdt ρboosted

1,matter(x, t)ρ
boosted
2,matter(x, t)

• Average activity at b proportional to O(b)
? central collisions more active ⇒ Pn broader than Poissonian
? peripheral passages normally give no collisions ⇒ finite σtot
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An x-dependent proton size

Reasonable to assume that low-x partons are more spread out:

ρ(r , x) ∝ 1

a3(x)
exp

(
− r2

a2(x)

)
with a(x) = a0

(
1 + a1 ln

1

x

)
a1 ≈ 0.15 tuned to rise of σND

a0 tuned to value of σND, given PDF, p⊥0, . . .
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Consequence: collisions at large x will have to happen at small b,
and hence further large-to-medium-x MPIs are enhanced.
a1 > 0 not favoured by tunes so far!
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Direct observation of MPI – 1

Basic idea for direct observation goes back to AFS (1987):
Order 4 jets p⊥1 > p⊥2 > p⊥3 > p⊥4 and define ϕ
as angle between p⊥1 ∓ p⊥2 and p⊥3 ∓ p⊥4 for AFS/CDF

Later extended to γ + 3 jet, W + 2 jet.
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Direct observation of MPI – 2
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with Kronecker δ
for identical processes.

f = σnd/σeff > 1
from impact parameter.

Beware of experimental
issues!
Interpretation not as
trivial as it seems!

(> 2 MPI,
x dependence, . . . )
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Jet pedestal effect – 1

Events with hard scale (jet, W/Z) have more underlying activity!
Events with n interactions have n chances that one of them is hard,
so “trigger bias”: hard scale ⇒ central collision
⇒ more interactions ⇒ larger underlying activity.

Studied in particular by Rick Field, with CDF/CMS data:
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Jet pedestal effect – 2

Cosmic QCD 2013 LPTHE                                           
Paris, May 15, 2013

Rick Field – Florida/CDF/CMS Page 47
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Colour flow in hard processes

One Feynman graph can correspond to several allowed colour flows,
corresponding to different string drawings, e.g. for qg → qg:

while other qg → qg graphs only admit one colour flow:

Interference term suppressed ∝ 1/(N2
C − 1),

so split cross section in proportions given by NC →∞ limit.
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Beam remnants

Also parton showers
conveniently traced
in NC →∞ limit.

P.  S k a n d s

Color Flow

Between which partons do confining potentials 
arise?

Set of simple rules for color flow, based on large-NC 
limit

6

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

q ! qg

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

1.1.5 Color information

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

. (1.9)

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

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

1.1.6 Electromagnetic corrections

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

7

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

1.1.5 Color information

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

. (1.9)

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

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

1.1.6 Electromagnetic corrections

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

7

g ! qq̄

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

1.1.5 Color information

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

. (1.9)

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

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

1.1.6 Electromagnetic corrections

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

7

g ! gg

(Never Twice Same Color: true up to O(1/NC2))But hooking it all up at beam remnants relies on NC = 3:

P.  S k a n d s

Color Correlations

31

► 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
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The Density of particle production
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Reconnection in B decays

Colour operators in B decay ⇒ some ηc :
A. Ali, J.G. Körner, G. Kramer, J. Willrodt, Z. Phys. C1 (1979) 269

B → J/ψ → µ+µ− good way to find B mesons:
H. Fritzsch, Phys. Lett. B86 (1979) 164, 343
. . . soon confirmed by experiment

g∗ → cc → J/ψ production mechanism in pp (“colour octet”)
H. Fritzsch, Phys. Lett. B67 (1977) 217
more complicated to test (at the time, later “confirmed”)
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Interconnection at LEP 2

e+e− → W+W− → q1q2 q3q4 reconnection limits mW precision!

perturbative 〈δMW〉 . 5 MeV : negligible!
(killed by dampening from off-shell W propagators)

nonperturbative 〈δMW〉 ∼ 40 MeV : inconclusive.
(but more extreme models from other authors ruled out)

Bose-Einstein 〈δMW〉 . 100 MeV : full effect ruled out.
(but models with ∼ 40 MeV barely acceptabe)

V.A. Khoze & TS, PRL 72 (1994) 28; L. Lönnblad & TS, EPJ C6 (1999) 271
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Colour rearrangement models for LEP 2

Colour rearrangement studied
in several models, e.g.

Scenario II: vortex lines.
Analogy: type II superconductor.

Strings can reconnect only
if central cores cross.

Scenario I: elongated bags.
Analogy: type I superconductor.

Reconnection proportional
to space–time overlap.

In both cases favour
reconnections that reduce
total string length.

W+W−

q

g

q

q

g

q

W+W−

(schematic only; nothing to scale)

q

g

q

q

g

q
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Reconnection at SppS

T.S. and M. van Zijl,
Phys.Rev. D36 (1987) 2019

〈p⊥〉(nch) sensitive to colour flow.

long strings to remnants
⇒ comparable nch/interaction
⇒ 〈p⊥〉(nch) ∼ flat.

shorter extra strings
for each consecutive interaction
⇒ 〈p⊥〉(nch) rising.
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Reconnection at the LHC

〈p⊥〉(nch) effect alive and kicking:
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Colour rearrangement models for the LHC

Space–time models too complicated
⇒ simplified (in Pythia)

Common aspect: reduce string length
λ =

∑
ln(m2

ij/m
2
0) ∼ multiplicity

Ingelman, Rathsman: reduce
∑

m2
ij ;

Generalized Area Law

1

3

2

4
m13m24 < m12m34

.
In total 12 scenarios in Pythia 6, mainly annealing:

Preconnect = 1− (1− χ)nMPI with χ strength parameter.

Random assignment by Preconnect for each string piece.

Choose new combinations that reduce λ (with restrictions).

Pythia 8 still only primitive:
let each MPI either form a separate system, or attach its partons
to a higher-p⊥ MPI where it gives minimal λ increase.

Much room for improvement; work ongoing.
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The Mass of Unstable Coloured Particles

MC: close to pole mass, in the sense of Breit–Wigner mass peak.
t, W, Z: cτ ≈ 0.1 fm < rp .

t

t

W

b

At the Tevatron: mt = 173.20± 0.51± 0.71 GeV = PMAS(6,1)
At the LHC (CMS): mt = 173.54± 0.33± 0.96 GeV = 6:m0 ?

Now severely limited by colour reconnection uncertainty
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Top mass shift in Pythia 6

Studies for the Tevatron.

Green bands: old
virtuality-ordered showers.

Blue bands: new
p⊥-ordered showers.

In total ±1.0 GeV,

whereof ±0.7 GeV
perturbative,

and ±0.5 GeV
nonperturbative.

Fit → scaled: Jet Energy Scaling.
NON-PERTURBATIVE QCD EFFECTS AND THE TOP MASS AT THE TEVATRON 7

∆m
fit
top

︷︸︸︷

∆m
scaled
top

︷ ︸︸ ︷

Δmt

-10 -5 0 5

Pythia v6.416

Tune A
Tune A-CR
Tune A-PT
Tune DW
Tune BW

S0
S1
S2

NoCR

Fig. 5. – Comparison of calibration offsets obtained for each model. The column on the left (dots)
show the results obtained before JES rescaling, the right column (squares) after rescaling. The
statistical precision due to the finite number of generated events is at the level of ±0.15 GeV.

uncertainty. The source of the spread can be separated into two sources by noting that
the models used fall in two classes: Those that utilise the ’old’ virtuality-ordered parton
shower and those that utilise the ’new’ pT -ordered one. The largest component of the
difference is between these two classes, indicating a perturbative nature of most of it.
Within each class differences of less than ±0.5 GeV on the top mass remain, which are
assigned to the non-perturbative differences between the various models. In Fig. 5 the
classes are grouped by coloured bands.

It should be noted that different mass estimators may have a different sensitivity to
the model differences and thus may exhibit a different uncertainty. The results of this
toy mass analysis are therefore only a first hint to the actual size of the effects, which
should be studied for each real mass measurement separately.

6. – Summary

Top mass measurements are now reaching total uncertainties below 1.5 GeV. At
this precision non-perturbative effects may become important. A set of new, univer-
sally applicable models to study colour reconnection effects in hadronic final states was
presented. The models apply an annealing-like algorithm that minimises the potential
energy within string hadronisation models. The models were tuned simultaneously with
the underlying-event description of Pythia to distributions sensitive to non-perturbative
effects in minimum-bias samples. The influence of changing underlying event model, the
colour reconnection and parton showers on measurements of the top mass was investi-
gated in a toy mass analysis, resulting in variations of about ±1.0 GeV on the recon-
structed top mass. Of this total uncertainty we tentatively attribute about 0.7 GeV to
perturbative effects and of less than 0.5 GeV to non-perturbative sources. These results
were obtained with Pythia v6.416 with tunes updated after fixing a bug in the pT or-
dered shower. While the model differences are slightly reduced with the new version of
Pythia, the qualitative conclusions of [5], derived with an older version of the generator
and tunes, remain unchanged.

(M.Sandhoff and P.Z Skands, FERMILAB-CONF-05-518-T;)

D. Wicke and P.Z. Skands, EPJ C52 (2007) 133, Nuovo Cim. B123 (2008) S1
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Kinematics dependence of mass determinations

Dependence*of*Top*Mass*on*Event*

Kinema2cs*

10*

!  First#top#mass#measurement#binned#in#kinema3c#observables.#
!  Addi2onal*valida2on*for*the*top*mass*measurements.**

!  With*the*current*precision,*no*mis^modelling*effect*due*to*

"  color*reconnec2on,*ISR/FSR,**b^quark*kinema2cs,*difference*

between*pole*or*MS~*masses.*
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Top mass shift in Pythia 8

Semileptonic top decay.

Find jets with anti-k⊥,
R = 0.5, p⊥min = 20 GeV.

Request njet ≥ 4.

Find two jets closest to mW.

Kill if |m12 −mW| > 5 GeV.

Find third jet closest to mt.

Kill if |m123−mt| > 20 GeV.

t/W decay after → before CR:
〈δnch〉 = −0.26± 0.09
〈δmt〉 = +0.060± 0.020 GeV

t/W decay after → no CR:
〈δnch〉 = +36.44± 0.09
〈δmt〉 = +0.149± 0.020 GeV
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Reconnection and collective flow

Transverse boosts ⇒
∼ collective particle vecocity.
More common with reconnection. 2
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ALICE, preliminary
Pythia 8, tune 4C
NLO, Phys. Rev. D 82, 074011 (2010)

FIG. 1. (Color online) Proton to pion ratio from pp collisions
at
√

s = 7 TeV. ALICE data are compared to results from
PYTHIA 8 Tune 4C, as well as NLO QCD calculation [13].

of CR include the probability to join low and high pT

partons, so the mechanism is present in soft and hard
QCD processes. However, at the perturbative level, CR
is strongly suppressed [25].

Fig. 2 shows a sketch of CR in the string fragmentation
model as implemented in PYTHIA where final partons
are color connected in such a way that the total string
length becomes as short as possible [14]. Therefore, the
fragmentation of two independent hard scatterings are
dependent and induces the rise of 〈pT〉 with multiplic-
ity. However, in this work we discuss another feature
of the model. In PYTHIA one string connecting two
partons follows the movement of the partonic endpoints.
The effect of this movement is a common boost of the
string fragments (hadrons). Without CR, for a parton
being “knocked out” at mid-rapidity, the other string end
will be part of the remaining proton moving forward so
the boost is small (Fig. 2a). With CR, 2 partons from
independent hard scatterings at mid-rapidity can color
reconnect and make a large transverse boost (Fig. 2c).
The last effect becomes more important in single events
having several partonic subcollisions. This boost effect
is similar to how flow affects hadrons in hydrodynam-
ics, but the origin of the boost is clearly different in CR
compared to hydrodynamics.

In order to pin down the effect, we calculated different
baryon to meson ratios as well as heavy meson to light
meson ratios with and without CR. The results were pro-
duced using primary charged particles defined as all fi-
nal particles including decay products except those from
weak decays of strange particles. This definition is similar
to the one adopted by ALICE [26]. The identified par-
ticle yields were computed at mid-rapidity, |y| < 1, and

the event multiplicity in |η| < 2.4. The parameter which
controls CR is the reconnection range, RR, which enters
in the probability to merge a hard scale p̂T system with
one of a harder scale, (2.085×RR)2/((2.085×RR)2+p̂2

T).
The tune 4C uses the value RR = 1.5 which gives a good
description of 〈pT〉 as a function of multiplicity [9].

Top panel of Fig. 3 shows the (p + p̄)/(π+ + π−) ratio
in the pT-interval, pT < 6 GeV/c, for MB (PYTHIA 8
tune 4C) pp collisions at 7 TeV. The distribution shows
a clear bump around 2.5 GeV/c. The result for simula-
tions using RR = 0 (without CR) indicates a completely
different behaviour, for pT larger than ≈ 1.8 GeV/c the
ratio stays flat. Therefore the origin of the peak is at-
tributed to CR. The result also indicates that for pT > 5
GeV/c, the particles inside hard jets are not sensitive to
color reconnection. The peak is enhanced if one consid-
ers events with increased MPI activity. In the figure we
plotted the results for events with more than 20 MPI’s,
in this case the peak is also pushed up to higher pT, a
characteristic effect of flow. The curve crosses the MB
curve at ≈1.8 GeV/c and the maximum ratio reaches 0.3
at 3 GeV/c. On the contrary, in events with less than 5
MPI’s the ratio behaves like in simulations without CR.
The evolution of the ratio with the number of MPI’s is
qualitatively similar to the behaviour of the ratio from
peripheral to central Pb−Pb collisions [7]. To study the
effect of CR, the bottom panel of Fig. 3 shows the double
ratios with and without CR. For (p + p̄)/(π+ + π−) and
(Λ0 + Λ̄0)/(2K0

s ) one sees a bump at ≈ 2.5-3 GeV/c,
similar to the one observed in the proton-to-pion ratio
(top of the figure). The behaviour of the double ratios
indicates that we have a mass effect since the φ/π and
the (p + p̄)/(π+ +π−) ratios exhibit a much larger bump
than the (K++K−)/(π++π−) ratio. Even though in gen-
eral PYTHIA underestimates the production of strange
particles [26, 27], we observe a hierarchy in the effect, it
increases with the hadron mass, in a pattern reminiscent
of the radial flow in heavy ion collisions. To distinguish it
from the flow usually associated with hydrodynamic evo-
lution we call it flow-like. We also observe the decrease
in the double ratios at higher momenta, a feature that
seems to be proper of CR and not of hydrodynamical
behaviour.

At LHC energies the CMS Collaboration has published
pT spectra for pions, kaons and protons as a function
of the track multiplicity [28]. They found that 〈pT〉 for
protons increases from ≈0.6 GeV/c to ≈1.4 GeV/c from
their lowest multiplicity class to the highest one. The
upper panel of Fig. 4 shows that this can only be ac-
commodated by PYTHIA simulations when color recon-
nection is included. In the plot we observe an increase
of 〈pT〉 with multiplicity when the color reconnection is
turned on, while it looks flatter when color reconnec-
tion is turned off. This is the expected behaviour, that
is used in PYTHIA to tune the amount of CR. However,
our work offers an interpretation from a different point of
view; with CR the 〈pT〉 of protons increases faster than
the pion one i.e. the effect increases with the hadron

A. Ortiz Velasquez et al.,

Phys. Rev. Lett. 111 (2013) 042001

3

FIG. 2. Illustration of the color reconnection in the string fragmentation model (picture taken from [14]). The outgoing gluons
color connected to the projectile and target remnants (a). The second hard scattering (b). Color reconnected string(c).
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FIG. 3. (Color online) Top panel: (p + p̄)/(π+ + π−) as
a function of pT in pp collisions simulated with PYTHIA
8 (solid circles), the ratio for events with low (solid trian-
gles) and high (empty triangles) number of multi-parton in-
teractions are overlaid. Results without color reconnection
(RR = 0.0) are also shown (empty circles). Bottom panel:
double particle ratios as a function of pT for different hadron
species.

mass. This observation is consistent with the idea of the
flow-like effect of string boosts.
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FIG. 4. (Color online) Top panel: mean pT as a function of the
scaled event multiplicity for pions, kaons and protons. Results
with CR (solid markers) and without CR (empty markers) are
shown. Bottom panel: pT-integrated proton-to-pion ratio as
a function of the scaled event multiplicity.

We also made a combined fit of the pion, kaon and
proton pT spectra with a blast-wave function [29]. From
this fit one usually extracts the freeze-out temperature,
Tkin, and the average transverse velocity, 〈βT〉. We found
in CMS and PYTHIA data a Tkin-〈βT〉 behaviour as a
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Ongoing work

P. Skands, J. Christiansen, (TS): colour wavefunction
of incoming partons for NC = 3 gives new connection model,
as start for reconnection

S. Argyropoulos, TS: worst-case scenarios for top mass

C. Bierlich, G. Gustafson, L. Lönnblad: DIPSY contains
space–time dipole picture, colour ropes in high-density regions,
higher string tension gives more strangeness and baryons:

/home/shakespeare/people/leif/personal/lib

Many strings on top of each other:

High density⇒ expansion, more strange quarks, more baryons

Prel. results from toy model implementation. pp data from CMS
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Work in progress (GG, LL, CB)

More work needed to unravel the dynamics of high energy
nucleus collisions, and the plasma phase diagram

How can we understand the strong force 36 Gösta Gustafson Lund University
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Diffraction

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

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

p
p

IP

p

Used e.g. in
POMPYT
POMWIG
PHOJET

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

1) σSD and σDD taken from existing parametrization or set by user.

2) fIP/p(xIP, t) ⇒ diffractive mass spectrum, p⊥ of proton out.

3) Smooth transition from simple model at low masses to IPp with
full pp machinery: multiple interactions, parton showers, etc.

4) Choice between 5 Pomeron PDFs, incl. Min Bias Rockefeller.

5) Free parameter σIPp needed to fix 〈ninteractions〉 = σjet/σIPp.
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Diffraction data
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•  non-diffractive events dominate at small gaps 
•  diffractive plateau observed for large gaps 

ΔηF = largest empty 
 pseudorapidity interval, 
 from edge of  detector 

CMS Coll., PAS FSQ-12-005


PYTHIA8 models provide reasonable description  ATLAS Coll., EPJ C72 (2012) 1926 


•  increasing particle threshold requirement results in 
more ND events with large gaps; confirms that 
inclusive events are dominated by low pT production 

typical 
detector 
signature 

(C. Gwenlan, EPSHEP 2013)
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Summary and Outlook

Lund string still best hadronization description?

MPI mechanism well established, with b dependence.

Low-p⊥ regularization by colour screening?
Energy dependence related to low-x PDFs and σtot rise?

Rescattering and x-dependent b profile marginal?

Reconnection well established, from B → J/ψ to 〈p⊥〉(nch).

No understanding of detailed mechanism!
One step: better space–time picture & colour algebra?

Missed chance for clean tests at LEP 2. TLEP ideal?

Multitude of algorithms for Pythia 6 ⇒ uncertainty band.
More algorithms on the way!

Predict (possibility of) significant effects on mt.

High string density may preclude any definitive answers?
Or breakthrough from new precision differential data?
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Let’s aim for more than a flying circus . . .
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