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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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The Density of Particle Production
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strings crossing y = 0
primary hadrons in |y| < 0.5

charged particles in |y| < 0.5

String width ∼ hadronic width ⇒ Overlap factor ∼ 10!
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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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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.

Torbjörn Sjöstrand Colour Reconnection slide 5/17



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.
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Colour assignment at hadron colliders

Multiple colour charges extracted from beams by MPIs:

P. Skands

Color Connections

10

► 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
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# of
strings

FWD

FWD

CTRL

Sjöstrand & PS, JHEP 03(2004)053

Ambiguities from NC = 3 and spatial correlations?
NC = ∞ builds too high remnant charge (forward particle flow)!
Random walk in colour space, with restoring force?
Junction topologies when ≥ 2 valence quarks kicked out!
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Reconnection at the LHC

〈p⊥〉(nch) effect alive and kicking:
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other generators, e.g. Herwig++
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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.
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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 o!sets 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
di!erence is between these two classes, indicating a perturbative nature of most of it.
Within each class di!erences of less than ±0.5 GeV on the top mass remain, which are
assigned to the non-perturbative di!erences between the various models. In Fig. 5 the
classes are grouped by coloured bands.

It should be noted that di!erent mass estimators may have a di!erent sensitivity to
the model di!erences and thus may exhibit a di!erent uncertainty. The results of this
toy mass analysis are therefore only a first hint to the actual size of the e!ects, 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 e!ects may become important. A set of new, univer-
sally applicable models to study colour reconnection e!ects 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
e!ects 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 e!ects 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 di!erences 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*
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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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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 e!ect 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 e!ect becomes more important in single events
having several partonic subcollisions. This boost e!ect
is similar to how flow a!ects hadrons in hydrodynam-
ics, but the origin of the boost is clearly di!erent in CR
compared to hydrodynamics.

In order to pin down the e!ect, we calculated di!erent
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 |!| < 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)/("+ + "!) 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
di!erent 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 e!ect 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
e!ect of CR, the bottom panel of Fig. 3 shows the double
ratios with and without CR. For (p + p̄)/("+ + "!) and
("0 + "̄0)/(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 e!ect since the #/" and
the (p + p̄)/("+ +"!) ratios exhibit a much larger bump
than the (K++K!)/("++"!) ratio. Even though in gen-
eral PYTHIA underestimates the production of strange
particles [26, 27], we observe a hierarchy in the e!ect, 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 o!. This is the expected behaviour, that
is used in PYTHIA to tune the amount of CR. However,
our work o!ers an interpretation from a di!erent point of
view; with CR the !pT" of protons increases faster than
the pion one i.e. the e!ect 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)/(!+ + !!) 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 di!erent hadron
species.

mass. This observation is consistent with the idea of the
flow-like e!ect of string boosts.

〉 η dN/d〈
ηdN/d

0 1 2 3 4 5 6 7

)- π++ π
)/(p

 (p
+

0.055

0.06

0.065

0.07

=7 TeVsPythia 8, pp 

Tune 4C
Tune 4C, w/o CR

0 1 2 3 4 5 6 7

)c
 (G

eV
/

〉 Tp  〈 

0.2

0.4

0.6

0.8

1

1.2

1.4 -π++π
pp+

-+K+K
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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, !!T". We found
in CMS and PYTHIA data a Tkin-!!T" behaviour as a
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Summary and Outlook

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

Missed chance for clean tests at LEP 2.

Multitude of algorithms for Pythia 6 ⇒ uncertainty band.

Predict (possibility of) significant effects on mt.

To do: develop new reconnection algorithms in Pythia8.

Want more detailed understanding of space–time picture
combined with colour algebra.

High string density will preclude any definitive answers?

Breakthrough from new precision differential data?

Far future: high-luminosity e+e− collider?

Addendum: new CMS PAS TOP-13-007, “Study of the underlying event,
b-quark fragmentation and hadronization properties in tt events”
shows colour reconnection impact on underlying activity

as function of p⊥tt and φtt.
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Let’s aim for more than a flying circus . . .
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