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Theoretical Particle Physics

Department of Astronomy and Theoretical Physics
Lund University

Workshop on Parton Radiation and Fragmentation
from LHC to FCC-ee, CERN, 21-22 November 2016



Colour 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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Colour 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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Short vs. long strings: the λ measure

λ is intended to gauge “phase space” for hadron production,
λ ∝ 〈nhadrons〉 ∝ 〈ncharged〉 .
For simple qq string:

λ = ln
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qq

m2
0

)
with m0 ≈ 1 GeV measure of hadronic mass scale.
For qqg instead
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with simplification in limit p⊥g � m0. More generally,
for q0g1g2 · · · gnqn+1, with factor 1
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Interconnection at LEP 2

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

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

nonperturbative CR 〈δMW〉 ∼ 40 MeV

Bose-Einstein 〈δMW〉 ∼ 40 MeV

V.A. Khoze & TS, PRL 72 (1994) 28;

L. Lönnblad & TS, EPJ C6 (1999) 271
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PYTHIA CR models for LEP 2

Colour reconnection 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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PYTHIA CR results at LEP 2

r : order 4 jets
as projected onto plane,
compare activity
between jets

Best LEP2 fit 2013
(topology + mass):
51% of 189 GeV events
reconnected in
SKI model.

No-CR excluded
at 99.5% CL.
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Comparison of CR models at LEP

authors Khoze Todorova Gustafson Lönnblad Webber
Sjöstrand Häkkinen

reference [52] [59] [53, 66] [57] [58]
based on Pythia Ariadne HERWIG

reconnection space–time overlap (I) string length cluster space–time
criterion or crossing (II) of strings reduced sizes reduced

reconnection I: free parameter free partly free
probability II: partly predicted parameter predicted parameter
model of yes yes no yes yes
all events

space–time picture implemented for (— = not applicable)
W vertices yes yes no no yes

parton shower no yes — — yes
fragmentation yes yes — — —

multiple no yes yes yes yes
reconnections
reconnection no yes yes yes yes
inside W/Z

change of event almost small but visible, needs large, needs
properties invisible visible retuning retuning

Table 14: Survey of colour reconnection models. The information should be taken as indicative;
only the original literature gives the ideological motivation behind the choices.

53

+ some more, notably Ellis, Geiger:
space–time hadronization model ⇒ ∆mW ∼ 400 MeV
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Bose–Einstein interconnection

-1 0 1 2 3 4

OPAL d
OPAL ∆ρ
OPAL D’
OPAL  D

L3 ∆ρ
L3 D’

DELPHI δI

ALEPH R*
ALEPH ∆ρ’
ALEPH D’

-0.13±0.56
-0.01±0.46
0.34±0.51
0.33±0.45

0.02±0.26
0.08±0.21

0.51±0.24

-0.23±0.41
-0.18±0.35
-0.05±0.22

LEP

χ2/dof = 3.5/3
LEP 0.17±0.13

fraction of model seen

inter-W
 BEC

Figure 4.8: Measured BEC expressed as the relative fraction of the model with inter-W correla-
tions. The arrows indicate the measurements used in the combination. The LEP combination
is shown at the bottom.

85

Combined result of 0.17±0.13 of full model effects
⇒ at most 7 MeV effect on W mass.
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CR at HERA (and beyond)

FIG. 1. The string configuration in a DIS boson-gluon-fusion event: (a) conventional Lund
string connection of partons, and (b,c) after reconnection due to soft colour interactions.

‘dressed’ into non-pertubative quarks and gluons and the formation of the confining colour
flux tube in between them.

Lacking a proper understanding of such non-perturbative QCD processes, we construct
a simple model to describe and simulate these interactions. All partons from the hard inter-
action (electroweak + pQCD) plus the remaining quarks in the proton remnant constitute
a set of colour charges. Each pair of charges can make a soft interaction changing only the
colour and not the momenta, which may be viewed as soft non-perturbative gluon exchange.
As the process is non-perturbative the exchange probability for a pair cannot be calculated
so instead we describe it by a phenomenological parameter R. The number of soft exchanges
will vary event-by-event and change the colour topology of the events such that, in some
cases, colour singlet subsystems arise separated in rapidity. In the Lund model this corre-
sponds to a modified string stretching as illustrated in Figs. 1bc, where (b) can be seen as
a switch of anticolour between the antiquark and the diquark and (c) as a switch of colour
between the two quarks. This kind of colour switches between the perturbatively produced
partons and the partons in the proton remnant are of particular importance for the gap
formation.

Rapidity gaps have been experimentally investigated [1,2] through the observable ηmax

giving, in each event, the maximum pseudo-rapidity where an energy deposition is observed.
(With η = − ln tan θ/2 and θ the angle relative to the proton beam so that η > 0 is the
proton hemisphere in the HERA lab frame.) Fig. 2 shows the distribution of this quantity as
obtained from our model simulations for 7.5 < Q2 < 70 and 0.03 < y < 0.7, corresponding
to the experimental conditions. In addition, the limit ηmax < 3.65 in the H1 detector is
taken into account. Clearly, the introduction of soft colour interactions (R > 0) have a
large effect on the ηmax distribution. Still, our SCI model is not very sensitive to the exact
value of the parameter R. In fact, increasing R above 0.5 does not give an increased gap
probability, but may actually decrease it depending on the details of the colour exchanges
in the model. This is intuitively understandable, since once a colour exchange with the
spectator has occured additional exchanges among the partons need not favour gaps and
may even reduce them. In the following we use R = 0.2. This value may be seen as the

3

Rapidity gaps
observed at HERA:
“diffractive DIS”

conventionally
Pomeron
explanation,
but . . .

Ingelman et al. (Uppsala): SCI – Soft Colour Interactions
Extended to pp/pp and e+e−, for quarkonium, W, Higgs,
gaps between (Tevatron) jets, diffraction, etc.

Rathsman: GAL – Generalized Area Law: Prec = 1− exp(−b ∆A)
where A ≈

∑
m2 unlike λ ≈

∑
lnm2 = ln

∏
m2
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Reconnection at the LHC

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

Space–time models (a la LEP) too complicated and uncertain
at the LHC ⇒ simplified (in Pythia)

Common aspect: reduce string length λ =
∑

ln(m2
ij/m

2
0)

In total 12 scenarios in Pythia 6, mainly annealing (P. Skands):

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 initially only one model:

probability for a lower-p⊥ MPI to merge with a higher-p⊥
is P = r2p2

⊥0/(r
2p2
⊥0 + p2

⊥lower), with r tuning parameter

each gluon of the lower-p⊥ MPI is put where it increases
the λ the least for the higher-p⊥ MPI

(g →)qq pairs in same sprit, else q’s connect to beams

iterative, so Ptot = 1− (1− P)n> , n> = # MPI with > p⊥

Torbjörn Sjöstrand Colour Reconnection slide 12/24



HERWIG++ CR models for the LHC

S. Gieseke, C. Röhr, A. Siódmok, EPJ C72 (2012) 2225

1) Plain CR: loop once through all q ends of clusters, reconnect
clusters A and B into C and D by q swap if mC + mD < mA + mB .
Pick smallest if many possibilities for given A. Probability preco.

2) Statistical CR: (non-default) minimize
∑

m2
cluster by simulated

annealing.
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Fig. 6 Invariant mass of primary clusters in soft inclusive LHC events at 7 TeV. The histograms are normalized to unity,
where also invisible bins are taken into account. The histograms in (b) di↵er from the ones in (a) only in their binning.

This shift in the cluster mass spectrum, which both
models aim at by construction, can also be observed
directly. Figure 6 shows the cluster mass distribution
before and after colour reconnection. As expected and
also intended, both CR procedures cause the distribu-
tion to be enhanced in the low-mass peak region and
suppressed in its, potentially unphysical, high-mass tail.

In Fig. 5(b) we show the colour length drop in hard
dijet events in pp collisions. We observe a notable de-
crease of large colour length drops, �

if

= 1, with in-
creasing cut on the jet transverse momentum at parton
level. The reason for this decrease is that higher momen-
tum fractions are required for the hard dijet subprocess,
whereas in soft events the remaining momentum frac-
tion of the proton remnants is higher. Hence clusters

containing a proton remnant are less massive in hard
events, which implies less need for colour reconnection.

The distribution of the colour length drop in e+e�

annihilation events looks completely di↵erent, as shown
in Fig. 5(c). We find that colour reconnection has no
impact on the colour length in the bulk of dijet events.
We show only the �

if

distribution from the SCR model
here, but the PCR model yields similar results. These
results confirm that due to colour preconfinement par-
tons nearby in momentum space in most cases are com-
bined to colour singlets already. In events with hadronic
W pair decays, however, hadrons emerge from two sep-
arate colour singlets. If there is a phase space overlap
of the two parton jet pairs, the production of hadrons
is expected to be sensitive to colour reconnection. We
address this question later on in Sec. 4.1. Here we want
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Fig. 12 Comparison of Herwig 2.4.2 without CR and Herwig 2.5 with PCR to ATLAS minimum-bias distributions atp
s = 0.9 TeV with N

ch

� 6, p? > 500 MeV and |⌘| < 2.5. The ATLAS data was published in Ref. [5].

Figure 17 shows the angular distributions of the
charged-particle multiplicity and

P
p?, with respect to

the leading charged particle (at � = 0). The data sets
are shown for four di↵erent cut values in the transverse
momentum of the leading charged particle, plead

? . With
increasing cut on plead

? , the development of a jet-like
structure can be observed. The overall description of
the data is satisfactory but we can also see that the
description improves as the lower cut value in plead

? in-
creases as then the description is more driven by per-
turbation theory. The full comparison with all ATLAS
UE and MB data sets is available on the Herwig tune
page [50]. At this stage di↵erent UE tunes were manda-
tory for di↵erent hadronic centre-of-mass energies

p
s.

In the next section we address the question of whether

an energy-independent UE tune can be obtained using
the present model.

4.2.3 Centre-of-mass energy dependence of UE tunes

To study the energy dependence of the parameters
properly, we examine a set of observables at di↵erent
collider energies, whose description is sensitive to the
MPI model parameters. The experimental data should
be measured at all energies in similar phase-space re-
gions and under not too di↵erent trigger conditions.
These conditions were met by two UE observables:
hd2N

ch

/d⌘ d�i and hd2

P
pt/d⌘ d�i, both measured as

a function of plead

? (with plead

? < 20 GeV) by ATLAS at
900 GeV and 7000 GeV (with p? > 500 MeV) and by

Torbjörn Sjöstrand Colour Reconnection slide 13/24



The new QCD-based CR model (1)

J. Christiansen & P. Skands, JHEP 1508 (2015) 003:
New model relies on two main principles
? SU(3) colour rules give allowed reconnections

Possible reconnections

Ordinary string reconnection

(qq: 1/9, gg: 1/8, model: 1/9)

Triple junction reconnection

(qq: 1/27, gg: 5/256, model: 2/81)

Double junction reconnection

(qq: 1/3, gg: 10/64, model: 2/9)

Zipping reconnection

(Depends on number of gluons)

Jesper Roy Christiansen (Lund) Non pertubative colours November 3, MPI@LHC 10 / 15

? minimal λ measure gives preferred reconnections
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The new QCD-based CR model (2)

Comparison with LHC data:

Comparison to LHC data
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New model

Monash

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
L/K

0

S

versus rapidity at

p
s = 7 TeV

N
(L

)
/

N
(K

0 S

)

0 0.5 1 1.5 2

0.6

0.8

1

1.2

1.4

|y|

M
C

/
D

a
t
a

(arXiv:1102.4282)

Data

New model

Monash

0

0.2

0.4

0.6

0.8

1

1.2

1.4

L/K

0

S

versus transverse momentum at

p
s = 7 TeV

N
(L

)
/

N
(K

0 S

)

0 2 4 6 8 10

0.6
0.8

1
1.2
1.4
1.6

pT [GeV/c]

M
C

/
D

a
t
a

(arXiv:1102.4282)

Can describe ⇤/Ks ratios (tuned)

Jesper Roy Christiansen (Lund) Non pertubative colours November 3, MPI@LHC 12 / 15

many baryons from junctions,
but few from regular strings
(big-mass string systems cut up!)

Distinguish new model from old model

Observables to distinguish
junction baryons from
diquark baryons

Best observable found so far
can be seen on the right
(again hadron decays are
turned o↵)

Still looking for more
observables

The di↵erence between
Monash and the diquark
curve can be understood by
looking at the masses of the
strings
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The top mass uncertainty from CR

Γt ≈ 1.5 GeV
ΓW ≈ 2 GeV
ΓZ ≈ 2.5 GeV

⇒
cτ ≈ 0.1 fm

t

t

W

b

Decays occur when p “pancakes” have passed, after MPI/ISR/FSR
with p⊥ ≥ 2 GeV, but inside hadronization colour fields.

Experimentalists achieve impressive mt precision,
e.g. CMS mt = 172.35±0.16±0.48 GeV (PRD93 (2016) 072004),
whereof CR ±0.10 GeV
from Pythia 6.4 Perugia 2011 |CR - noCR|
Is this realistic?
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New CR models for top studies

S. Argyropoulos & TS, JHEP 1411 (2014) 043:

Late t decay: first ordinary CR (existing model) as if t stable,
then CR between g’s from t&W decays and g’s from rest of event,
in 5 variants, some “straw-man”, e.g. random (⇒ 〈λ〉 increases)

Early t decay: new “gluon-move” model for whole event
1) move: remove gluon and insert on other string if reduces λ
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Figure 2. In the ‘move’ model, a gluon j originally attached to string piece ik can be moved to a
different string piece lm if it leads to a smaller total string length �. Solid lines indicate the original
configuration and dashed lines indicate the resulting configuration after moving the gluon.

minij,lm ��(ij, lm) = minij,lm [�im + �lj � (�ij + �lm)]  ��
cut

is selected for a flip. Here
singlet systems that have undergone one flip are not allowed any further ones, or else the
procedure leads to the formation of many low-mass gg systems, thus markedly reducing
the charged particle multiplicity. While the normal string has a color and an anticolor at
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Figure 3. Illustration of the effect of the ‘flip’ model. The same process as in figure 1, shown
with the underlying string configuration. The solid lines indicate the initial configuration and the
dashed lines represent a flip in the string pieces ij and lm, resulting from the exchange of one of
the color indices between gluons j and m. The figure represents a case where a flip reduces the
total string length �. We note that after the flip, the b quark from the top decay (endpoint k) is
color connected to quark l from a separate MPI.

opposite ends, there is also the possibility of junction topologies, where three quarks are at
the ends of a Y-shaped field configuration. As a minor variation, such topologies are either
excluded or included among the allowed flip possibilities.

Since the ‘swap’ and ‘move’ models affect all scattering processes, they have to be tuned
using minimum bias data. This is described in the following section.

3 Generation and reconstruction of tt̄ final states

The studies presented in this paper have been performed with simulated tt̄ events, generated
with Pythia version 8.185 at a center-of-mass energy of

p
s = 8 TeV. Pythia provides

leading order matrix elements for qq̄ ! tt̄ and gg ! tt̄. On top of the tt̄ process, Pythia
attaches initial and final state parton showers and multiparton interactions, which evolve
from the scale of the hard process down to the hadronization scale in an interleaved manner
[20]. The generation of tt̄ events was done using the leading order PDF set CTEQ6L1 [21]
with the 4C tune [20]. Particles with a proper decay length of c⌧ > 10 mm were considered
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2) flip: cross two chains if reduces λ (∼ swing)
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dashed lines represent a flip in the string pieces ij and lm, resulting from the exchange of one of
the color indices between gluons j and m. The figure represents a case where a flip reduces the
total string length �. We note that after the flip, the b quark from the top decay (endpoint k) is
color connected to quark l from a separate MPI.

opposite ends, there is also the possibility of junction topologies, where three quarks are at
the ends of a Y-shaped field configuration. As a minor variation, such topologies are either
excluded or included among the allowed flip possibilities.

Since the ‘swap’ and ‘move’ models affect all scattering processes, they have to be tuned
using minimum bias data. This is described in the following section.

3 Generation and reconstruction of tt̄ final states

The studies presented in this paper have been performed with simulated tt̄ events, generated
with Pythia version 8.185 at a center-of-mass energy of

p
s = 8 TeV. Pythia provides

leading order matrix elements for qq̄ ! tt̄ and gg ! tt̄. On top of the tt̄ process, Pythia
attaches initial and final state parton showers and multiparton interactions, which evolve
from the scale of the hard process down to the hadronization scale in an interleaved manner
[20]. The generation of tt̄ events was done using the leading order PDF set CTEQ6L1 [21]
with the 4C tune [20]. Particles with a proper decay length of c⌧ > 10 mm were considered

– 8 –

3) (swap: interchange two gluons if reduces λ)
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Effects on top mass before (re)tuning

CR off

default

forced random

100 120 140 160 180 200 220 240
0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

Reconstructed top mass, mW ∈ [75, 85] GeV, pT(jets) > 40 GeV

mtop [GeV]

1
/
N
d
N
/
d
m
to
p
[G
eV
−
1
]

∆mtop relative to no CR:

model ∆mtop ∆mtop

[GeV] rescaled

default (late) −0.415 +0.209
default early +0.381 +0.285

forced random −6.970 −6.508

.

Asymmetric spread:

∆mtop < 0 easy,

∆mtop > 0 difficult.

Parton showers already
prefer minimal λ.

Main effect from jet
broadening, some from
jet–jet angles.

Torbjörn Sjöstrand Colour Reconnection slide 18/24



Effects on top mass after (re)tuning

No publicly available measurements of UE in top events.
• Afterburner models tuned to ATLAS jet shapes in tt events
⇒ high CR strengths disfavoured.

• Early-decay models tuned to ATLAS minimum bias data
⇒ maximal CR strengths required to (almost) match 〈p⊥〉(nch).

model ∆mtop

rescaled
default (late) +0.239
forced random −0.524

swap +0.273

∆mtop relative to no CR

mmax
top − mmin

top ≈ 0.80 GeV

Excluding most extreme (unrealistic)
models down to

mmax
top − mmin

top ≈ 0.50 GeV

(in line with Sandhoff, Skands & Wicke).
Studies of top events could help constrain models:
• jet profiles and jet pull (skewness)
• underlying event
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CR at future e+e− colliders

J. Christiansen & TS, EPJ C75 (2015) 9, 441

FCC-ee promises ∆mW ≤ 1 MeV in semileptonic decays
⇒ test models e.g. by mW shift in hadronic decays

CR in e+e� ! W +W �

Clean environment to test CR
e↵ects

CR established at 2.8 �

Turn table around and use
precision studies to constrain CR
(e.g. W mass measurement, see
table)

Dedicated angular studies in
fully hadronic WW

Multiplicity comparisons
between semi-leptonic and fully
hadronic WW

Model

h�mWi (MeV)

170 GeV 240 GeV 350 GeV

SK-I +18 +95 +72

SK-II -14 +29 +18

SK-II’ -6 +25 +16

GM-I -41 -74 -50

GM-II +49 +400 +369

GM-III +2 +104 +60

CS +7 +9 +4

Table : Systematic W mass shifts at
three di↵erent center-of-mass energies.

JRC (Lund) CR and Weak Showers November 5, Lund 27 / 30

Further handles:
different mW defs.
flow between jets
charged multiplicity
. . .

SK: LEP 2 space–time based models
GM: variants of “gluon move” model introduced for top studies

(I: only move; II: only flip; III: both)
CS: QCD-based model of Christiansen & Skands
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Higgs CP Violation (1)

Is the 125 GeV Higgs a pure CP-even state? Any odd admixture?

For LHC and future e+e− (& µ+µ−?) colliders to probe.
One possibility is H0 → W+W− → q1q2q3q4.
Angular correlations put limits on odd admixture.
dummy text

q

q

q

q

q

q

jet axis

jet axis

But: colour reconnection ⇒ shifted jet directions
⇒ shifted angular correlations.
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Higgs CP Violation (2)

No CR

f = 0.05
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∫
odd + |interference|∫

all

Conclusion 1: only problem for constraints f < 0.03− 0.05.

Conclusion 2:

precision physics is not only a matter of higher orders.
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CR and collective flow

Collective flow observed in pp at LHC. Partly unexpected.
New mechanisms required; could also (partly) replace CR.

Active field, e.g. N. Fischer & TS, arXiv:1610:09818 [hep-ph]:

Thermal exp(−p⊥/T ) → exp(−m⊥/T ) hadronic spectrum.

Close-packed strings ⇒ increased string κ or T .

Dense hadronic gas ⇒ hadronic rescattering.
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Figure 13: Comparisons to ALICE [45] and ATLAS [46] data: hp?i as a function of the
hadron mass (top), charged multiplicity (middle), and the charged particle p? (bottom).
Predictions with the Gaussian (thermodynamical) model are shown in the left (right)
plots. ColRec / HadScat / NrString means that only colour reconnection / hadron rescat-
tering /n

e↵

string

-dependence is switched on, otherwise everything is switched o↵.
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Torbjörn Sjöstrand Colour Reconnection slide 23/24



Summary and outlook

LEP/FCC-ee:
CR convincingly demonstrated at LEP 2, but not iron-clad.

Future high statistics & precision would distinguish models.

CR could influence precision studies, e.g. Higgs HHCP.

LHC/FCC-pp:

Historically introduced to explain 〈p⊥〉(nch).

Later key for many observables, e.g. UE “pedestal effect”.

Wide range of models, but usually involving λ minimization
(for Pythia strings; size or mass for Herwig clusters).

New observations of collective flow, from ridge and vn

to a change of flavour composition with event multiplicity
⇒ traditional PYTHIA framework under attack!

QGP? String close-packing? Hadronic rescattering? Other?
Most likely (?): cocktail of effects, including CR.
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