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Figure 2: Diagrammatic representation of colour flow basis states and their inner products.
The left half of the figure shows three out of the six basis tensors required for a qggq̄ leg
content, where the grey arrows indicate how leg labels i = 1, .., 4 are mapped onto colour
and anti-colour indices (see also Table 1). The right hand part of the figure illustrates how
inner products, i.e. elements of the scalar product matrix, relate to powers of N depending
on how many loops are formed after contraction (see Eq. (3.2)).

n = nq + ng = nq̄ + ng possible colour lines and n! colour flows (i.e. there are n! basis
tensors). Inner products of colour flow basis tensors are given by

h�|⌧i = �
↵1
↵̄�(1)

· · · �
↵n
↵̄�(n)

�
↵̄⌧(1)
↵1 · · · �

↵̄⌧(n)
↵n = N

n�#transpositions(�,⌧)
, (3.2)

where #transpositions(�, ⌧) is the number of transpositions by which the permutations �

and ⌧ differ. This is equal to n minus the number of loops obtained after contracting the
Kronecker symbols, see the right-hand part of Figure 2. In Figure 2, we show three of the
six colour flows that represent the four-parton state on the left, and in Table 1 we specify
the corresponding colour and anti-colour indices for each of the four partons (labelled by i).
We also include the binary variables �i and �̄i, where �i =

p
TR, �̄i = 0 for a quark,

�i = 0, �̄i =
p

TR for an antiquark and �i = �̄i =
p

TR for a gluon (TR = 1/2 in QCD).
Note that in the figure we use the more compact notation:

|213i =

�����
1 2 3

2 1 3

+
etc. (3.3)

We express amplitudes as |Ai =
P

�
A�|�i, where � labels the individual basis tensors,

and the evolution and traces in colour space can be performed in terms of ordinary complex
matrices with elements A⌧�, which relate to the basis independent objects via

A =
X

⌧,�

A⌧�|⌧ih�| . (3.4)

The coefficients A⌧� are not matrix elements of the operator A since the colour flow basis
is not orthonormal. Consequently, we will introduce a dual basis in which

[⌧ |A|�] ⌘ A⌧� . (3.5)
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Pick a colour flow according 
to colour sub-amplitudes.

Soft radiation according 
to hard process legs.



Showers & Coherence

Coherence argument fails for most general observables, 
perform accurate resummation using dipole showers.
Thorough analysis and improvements see e.g.

[Forshaw, Holguin, Plätzer – JHEP 1908 (2019) 145]

[Dasgupta, Dreyer, Hamilton, Monni, Salam —PRL 125 (2020) 5]

[Forshaw, Holguin, Plätzer – JHEP 09 (2020) 014]
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Large-angle soft gluons isolate colour charges in 
jets: relevant picture for hadronization.
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Hadronization

[Figure by Patrick Kirchgaesser]

Colour reconnection model in Herwig

Plain colour reconnection model [Röhr, Gieseke, Siodmok, EPJC C72 (2012)]

If MC + MD < MA + MB accept alternative cluster configuration
with probability preco

Important for hadron collision to restore colour pre-confinement
(works pretty well at LEP)

Patrick Kirchgaeßer (KIT) · VCES 2019 · 29.11.2019 7/ 21

2 Cody B Duncan, Patrick Kirchgaeßer: Kinematic strangeness production in cluster hadronization

Shower Parton Splitter Fission Decay

Fig. 1: Figure of a simplified event where we show the ma-
jor stages of hadronization after the parton shower that
can contribute to non-perturbative strangeness produc-
tion. Grey ellipses are clusters, while black are hadrons.

ter can be considered to be a highly primordial, excited
colour-singlet qq̄ pair.

There are several parts to the hadronization model in
Herwig, in the following algorithmic order:

• Non-perturbative gluon splitting,
• Colour reconnection,
• Cluster fission,
• Cluster decay to hadron pairs,
• Unstable hadron decays.

In Fig. 1, we have omitted colour reconnection since this
step simply changes the colour topology of the event, not
the content of the clusters. While modifying the colour
reconnection algorithm would have a non-trivial impact
on the later stages of hadronization, namely cluster fission
and decay, it is outside the scope of this paper, but these
correlations will be studied and addressed in future work.
Since the scope of this project is mainly focused on light
strange hadron production, we tune predominately to pion
and kaon observables. We will also ignore unstable hadron
decays for the purposes of this paper.

The three other listed stages in hadronization are each
allowed to contribute to the overall strangeness in the
event, since they each produce new qq̄ pairs. We briefly
recall the details of each step as presented in depth in [9].

2.1 Non-perturbative gluon splitting

Once the parton shower ends, all gluons undergo a non-
perturbative splitting into qq̄ pairs. The species of the pair
is determined by a given weight, e.g. in the tune from
[8] the weights of up, down, and strange are 2:2:1. The
default version of Herwig does not allow for strangeness
production at this step, only uū and dd̄ pairs. The only
constraint on the gluon splitting is that the gluon mass

is at least twice the constituent mass of the species in
question, and the gluons are split isotropically.

After all the gluons in an event have been split, near-
est neighbours in momentum space are most likely to be
nearest neighbours in colour space [16], and clusters are
formed from the momentum-space neighbouring qq̄ pairs,
with a mass distribution decoupled from the hard scatter-
ing process that created them.

2.2 Cluster fission

Exceptionally heavy clusters are allowed to fission into two
lighter, less excited clusters if the mass M of the original
cluster satisfies the condition:

Mp
� qp + (m1 +m2)

p, (1)

where p and q are parameters that control the fission-
ing rate criteria, and m1,2 are the parton masses of the
heavy cluster. In Herwig, p is given separate values for
light quarks (u, d, s), charm, and bottom. The light quark
weights are further subdivided, and strangeness is sup-
pressed by a flat weight. q has a similar divide between
the quark species.

After selecting clusters to fission, the cluster fissioner
produces a qq̄ pair from the light quarks with a fixed
weight, distinct values for each flavour of quark (bar top),
and diquarks. Each parton from the pair go into a separate
cluster, giving the new pair of clusters a mass distribution
of:

Mi = mi + (M �mi �mq)R
1/w
i , (2)

where w is the splitting parameter that controls the rate of
splitting for clusters containing di↵erent species of quarks.

2.3 Cluster decay

The last stage of cluster-based physics is at the cluster
decay level, in which clusters decay into excited hadrons.
Given a cluster with constituents q1, q̄2, the weight for
producing hadrons ha = q1q̄, hb = qq̄2, where q denotes a
quark or diquark species, is given by:

W(ha, hb) = Pqwasawbsbp
⇤
a,b, (3)

where Pq is the production weight for the given quark or
diquark species, wi are the weights for the relevant hadron
production, and si are the suppression factors for the cor-
responding hadrons. The final factor in the weight is the
two-body phase space factor that controls how readily the
cluster can decay into the two chosen hadrons.

2.4 Herwig strangeness parameters

The Herwig parameters that control non-perturbative
strangeness production are the gluon splitting weight -
SplitPwtSquark, and the cluster fission & decay weight
- PwtSquark. In the original model, cluster fissioning and

Universal spectrum of cluster masses: 
highly excited hadronic states which 
undergo decays to observed hadrons.

form clusters which are colour singlets. The other step is the decay of these colour

singlet clusters into hadrons. The new model presented here only changes the second
stage, how the cluster decays. The process of cluster formation remains identical to

HERWIG, with the same set of parameters.

4.1 Cluster formation

The gluons in the partonic final state are split non-perturbatively into qq̄ pairs. The
choice of flavour is between the u, d and s flavours. The splitting is done with a

simple isotropic decay where the gluon is given an effective gluon mass, mg > 2mq.
The default value for mg is 0.75GeV.

Once we have a state of all on-shell quarks, the colour partners are combined into

clusters. Owing to the colour-preconfinement property of the parton shower [18], the
cluster mass distribution is independent of the nature and energy of the hard process

to a good approximation. This can be seen in Figure 2 for light (uds) quark clusters
and clusters containing a b quark separately.
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Figure 2: Primary cluster mass distribution in e+e− annihilation at various centre-of-mass

energies Q for clusters containing only light quarks (left) and a b quark (right).

The hadronization model inHERWIG and Herwig++ also has a stage where some
of these clusters are decayed into two new clusters, rather than directly to hadrons.

This step is called cluster fission. The mass of a cluster is given by M2 = p2, where
p is the momentum of the cluster. The cluster C is decayed into two new clusters

C1, C2 if this mass does not satisfy the condition

MClpow < Clmax
Clpow + ΣClpow

c , (4.1)

where Clpow and Clmax are parameters of the model and Σc is the sum of the masses
of the constituent partons which form the cluster. If a cluster does decay into two

– 11 –

[Herwig++ 1.0 release — Gieseke et al. 
JHEP 02 (2004) 005]
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Extending into the soft region
Continuation of the differential cross section into the soft
region pt < pmin

t (here: pt integral kept fixed)

Stefan Gieseke · Universität Wien · 21 Nov 2017 11/36
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Recent work in Herwig:

[Gieseke, Loshaj, Kirchgaesser — EPJ C77 (2017) 156]

[Bellm, Gieseke, Kirchgaesser — arXiv:1911.13149]

Matter distribution 
in the proton.

2 to 2 cross section.
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Colour reconnection model in Herwig

Plain colour reconnection model [Röhr, Gieseke, Siodmok, EPJC C72 (2012)]

If MC + MD < MA + MB accept alternative cluster configuration
with probability preco

Important for hadron collision to restore colour pre-confinement
(works pretty well at LEP)

Patrick Kirchgaeßer (KIT) · VCES 2019 · 29.11.2019 7/ 21

Colour reconnection model in Herwig
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Fig. 9 Primary cluster mass spectrum in LHC dijet events at 7 TeV. Figure (a) compares the mass distribution in the
pre-colour-reconnection stage to the distribution after colour reconnection. The contributions of the three cluster classes are
stacked. The histograms in (b) merely di↵er from the ones in (a) in their binning.

below 6 GeV, as perturbative h-type and i-type clus-
ters do. In the high-mass tail, however, n-type clusters
clearly dominate, as already indicated by the cluster
fraction functions discussed above. Both their minor
contribution at low masses and their large contribution
at high masses do not change after colour reconnection.
In total, however, the mass distribution is more peaked
after colour reconnection and the high-mass tail is sup-
pressed by a factor larger than 10.

3.3 Resulting physics implications

The characteristics of clusters that have been studied in
this section clearly confirm the physical picture we have
started out with. The colour reconnection model in fact
reduces the invariant masses of clusters that are mostly
of non-perturbative origin. These arise as an artefact of
the way we colour-connect additional hard scatters in
the MPI model with the rest of the event.

At this non-perturbative level we have no handle on
the colour information from theory, hence we have mod-
elled it. First in a very näıve way when we extract the
‘first’ parton from the proton, but only to account for a
more physical picture later, where we use colour precon-
finement as a guiding principle. We therefore conclude
that our ansatz to model colour reconnections in the
way we have done it reproduces a meaningful physical
picture.

4 Tuning and comparison of the model results
with data

In this section we address the question of whether the
MPI model in Herwig, equipped with the new CR
model, can improve the description of the ATLAS MB
and UE data, see Fig. 2. To that end we need to find
values of free parameters (tune parameters) of the MPI
model with CR that allow to get the best possible
description of the experimental data. Since both CR
models can be regarded as an extension of the cluster
model [36], which is used for hadronization in Herwig,
the tune of Herwig with CR models may require a
simultaneous re-tuning of the hadronization model pa-
rameters to a wide range of experimental data, primar-
ily from LEP (see Appendix D from Ref. [14]). There-
fore, we start this section by examining whether the
description of LEP data is sensitive to CR parameters.

4.1 Validation against e+e� LEP data

Already in Section 3 we have seen that the colour
structure of LEP final states is well-defined by the
perturbative parton shower evolution. Moreover, the
CR model does not change this structure significantly.
Therefore, although CR is an extension of hadroniza-
tion, we can expect that the default hadronization pa-
rameters are still valid in combination with CR. This
was confirmed by comparing Herwig results with and
without CR against a wide range of experimental data
from LEP [41–49]. As an example we show a compari-
son of Herwig without and with CR (using the main
tunes for both CR methods presented in this paper) to
two LEP observables in Fig. 10. The full set of plots,
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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 Nch � 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:
hd2Nch/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

[Gieseke, Röhr, Siodmok — EPJ C72 (2012) 2225]

[Gieseke, Kirchgaesser, Plätzer – EPJ C 78 (2018) 99]



Hard QCD Backgrounds: NLO matching & merging

Matching and merging in Herwig:

[Plätzer, Gieseke – EPJ C72 (2012) 2187]

[Bellm, Gieseke, Plätzer — EPJ C78 (2018) 244]

Unitarized merging schemes:

[Plätzer — JHEP 1308 (2013) 114]


[Prestel, Lönnblad — JHEP 03 (2013) 166]
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ject to ongoing development and will be available in a
future release.
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Fig. 3. The distribution of separation in azimuthal angle
between the Z boson and the hardest jet in Z + jets events
in pp collisions at

p
s = 7TeV in comparison with CMS

data [63].

In Fig. 3 we turn to results for Z + jets events at
the LHC. We show the distribution of separation in
azimuthal angle between the Z boson and the hardest
jet. The region �� ⇠ ⇡ corresponds to leading order
kinematics, in which the Z boson gains its transverse
momentum by recoiling against a single hard parton,
whereas the broad spectrum of events down to �� =
0 corresponds to events in which the Z boson recoils
against two or more jets. The need for NLO corrections
is clearly seen. An important cross-check of the two
di↵erent automated NLO matching schemes and the
two di↵erent shower algorithms both using subtractive
matching can also be seen.

Finally, in Fig. 4 we show the jet activity in tt̄
events at the LHC, as revealed by the gap fraction, i.e.
the fraction of events for which the sum of the trans-
verse momenta of all additional jets in the prescribed
rapidity region is less than Qsum. Herwig++ 2.7 is seen
to have far too little jet activity (too many gap events).
While Herwig 7.0 with the shower alone is somewhat
closer to the data at small Qsum, a clear deficit is seen
for hard jet events at high Qsum, while both the NLO
matching schemes describe the data well.

This is of course just a very small selection of the
large number of distributions that have been checked
against data in the final preparations of Herwig version
7.0, and more will be shown for specific processes in a
series of forthcoming papers.

9 Summary and Outlook

We have presented version 7.0 of the Herwig event gen-
erator, based on previous Herwig++ development and
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Fig. 4. The fraction of events that have less than Qsum

transverse energy in the rapidity region |y| < 2.1 in top
quark-antiquark events in pp collisions at

p
s = 7TeV in

comparison with ATLAS data [64].

the experience gained with the HERWIG event gener-
ator. The new program features significant improve-
ments as compared to both the Herwig++ 2.x series
and the HERWIG 6 event generator, amongst them a
powerful framework for NLO calculations and a num-
ber of improvements to both shower modules. Several
accompanying publications containing detailed cover-
age of both physics and technical aspects will follow in
due course, as well as an updated large and detailed
manual to replace [2]. A completely new documenta-
tion system is already in place for Herwig 7 to allow the
user to exploit the full capability of the new program.
The methods and code developed within this release
will also form the basis for ongoing and future devel-
opment such as multijet merging at both leading and
next-to-leading order, and electroweak corrections.
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pecially indebted to Leif Lönnblad for his authorship of
ThePEG, on which Herwig is built, and his close collab-
oration, and also to the authors of Rivet and Professor.
We would like to thank Terrance Figy for numerous
discussions, testing and feedback. We are also grateful
to Malin Sjödahl for providing the ColorFull library for
distribution along with Herwig.

This work was supported in part by the European
Union as part of the FP7 Marie Curie Initial Training
Network MCnetITN (PITN-GA-2012-315877).

It was also supported in part by the Lancaster-
Manchester-She�eld Consortium for Fundamental
Physics under STFC grant ST/L000520/1 and the

�(n jets, ⌧) ⇠
X

k

X

l2k

cnkl ↵
k
s (Q) lnl

1

⌧
+O

✓
⇤

⌧Q

◆

<latexit sha1_base64="AX7RzJ8xwe7Lig7wsaS0AW6u47E="></latexit>

Matching:

Enforce NLO QCD accuracy at fixed order.


Merging: 

Combine jet multiplicities, possibly at NLO.



Hard QCD Backgrounds: NLO matching & merging
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ject to ongoing development and will be available in a
future release.
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Fig. 3. The distribution of separation in azimuthal angle
between the Z boson and the hardest jet in Z + jets events
in pp collisions at

p
s = 7TeV in comparison with CMS

data [63].

In Fig. 3 we turn to results for Z + jets events at
the LHC. We show the distribution of separation in
azimuthal angle between the Z boson and the hardest
jet. The region �� ⇠ ⇡ corresponds to leading order
kinematics, in which the Z boson gains its transverse
momentum by recoiling against a single hard parton,
whereas the broad spectrum of events down to �� =
0 corresponds to events in which the Z boson recoils
against two or more jets. The need for NLO corrections
is clearly seen. An important cross-check of the two
di↵erent automated NLO matching schemes and the
two di↵erent shower algorithms both using subtractive
matching can also be seen.

Finally, in Fig. 4 we show the jet activity in tt̄
events at the LHC, as revealed by the gap fraction, i.e.
the fraction of events for which the sum of the trans-
verse momenta of all additional jets in the prescribed
rapidity region is less than Qsum. Herwig++ 2.7 is seen
to have far too little jet activity (too many gap events).
While Herwig 7.0 with the shower alone is somewhat
closer to the data at small Qsum, a clear deficit is seen
for hard jet events at high Qsum, while both the NLO
matching schemes describe the data well.

This is of course just a very small selection of the
large number of distributions that have been checked
against data in the final preparations of Herwig version
7.0, and more will be shown for specific processes in a
series of forthcoming papers.

9 Summary and Outlook

We have presented version 7.0 of the Herwig event gen-
erator, based on previous Herwig++ development and
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Fig. 4. The fraction of events that have less than Qsum

transverse energy in the rapidity region |y| < 2.1 in top
quark-antiquark events in pp collisions at

p
s = 7TeV in

comparison with ATLAS data [64].

the experience gained with the HERWIG event gener-
ator. The new program features significant improve-
ments as compared to both the Herwig++ 2.x series
and the HERWIG 6 event generator, amongst them a
powerful framework for NLO calculations and a num-
ber of improvements to both shower modules. Several
accompanying publications containing detailed cover-
age of both physics and technical aspects will follow in
due course, as well as an updated large and detailed
manual to replace [2]. A completely new documenta-
tion system is already in place for Herwig 7 to allow the
user to exploit the full capability of the new program.
The methods and code developed within this release
will also form the basis for ongoing and future devel-
opment such as multijet merging at both leading and
next-to-leading order, and electroweak corrections.
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Enforce NLO QCD accuracy at fixed order.


Merging: 

Combine jet multiplicities, possibly at NLO.

ATLAS jet multis

[Bellm, Nail, Plätzer, Schichtel, Siodmok – EPJ C76 (2016) 665]

[Cormier, Plätzer, Reuschle, Richardson, Webster — EPJ C79 (2019) 915]

Perturbative aspects well under control.

Similar facilities 
in Herwig, Pythia 
& Sherpa.



Uncertainties in Tuning & Models

Precise data and accurate 
description of soft-QCD data after 
tuning does not imply anything 
about the models reliability/
precision.

[“Eigentunes” are only a measure of goodness-of-fit.]
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Surprises hide in MPI variations, 
e.g. for VBF/VBS processes.


Impact on instanton-induced 
signatures?
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“Blob” processes

…

Figure 3. A schematic diagram of a 2 ! n processes that can be simulated via the “blob” matrix
elements within the Herwig general-purpose event generator.

2 Monte Carlo simulations of sphaleron-induced processes

We begin by describing the details of the MC event generator for sphaleron-induced pro-

cesses that we have built, including the flavour structure, colour factors and the generation

of the phase space. We also discuss the cross section in the context of unitarity and the

parametrisation of the distribution of the number of gauge bosons.

2.1 Process generation

To facilitate the generation of 2 ! n processes in all generality, we have constructed

customised infrastructure within the general-purpose Herwig Monte Carlo event genera-

tor [25–30]. This allows for the generation of “blob” matrix elements (MEs) through the

definition of any 2 ! n process that can be viewed as a contact interaction.5 An exam-

ple of such a process is shown in Fig. 3. We note that Herwig possesses the necessary

infrastructure to handle the SU(3) colour source and sinks that appear in the B-violating

processes [39]. We defer the description of the technical details to a future release note of

Herwig.

For the simulation of sphaleron-induced processes, we only include the dominant qq

initial state given by Eq. (1.1), where two valence quarks collide. The conjugate process

is suppressed in the pp collider due to a small ratio of the luminosity functions between

valence-quark (qq) and sea-quark (q̄q̄) initial states at
p

ŝ & O(10) TeV. We take the initial-

state partons to consist only of the light quarks u and d and we allow all quark generations

in the produced final states, including the top and bottom quarks. The quark and lepton

content of the process can be thought of as originating in a class of operators of the form

O /B/L
⇠ (Q1Q2Q3)(Q

0
1Q

0
2Q

0
3)(Q

00
1Q

00
2Q

00
3)L

1
L
2
L
3
, (2.1)

where Q and L are the left-handed quark and lepton doublets, respectively. The anomaly

argument suggests that all the degrees of freedom that are orthogonal to the SU(2)L gauge

group, i.e. colour and flavour, must appear at least and only once. With this condition, the

colour indices of the quark fields must be constructed properly, making three “baryonic”

5
This functionality should be particularly useful in the simulation of final states such as QCD instantons

(e.g. [31–33]), microscopic black holes (e.g. [34–37]) and other non-perturbative multi-particle processes [38].

– 4 –
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Figure 2. A schematic diagram of flavour structure of the process related to a unit change in
Chern-Simons number, �NCS = 1.

number (⇠ 1/↵w) of gauge and/or Higgs bosons.3 The basic process would involve 12 left-

handed fermions: 3 quarks for each generation and one lepton for each generation (Fig. 2).

Hence, processes that could be observable at hadron colliders, schematically, would be of

the form:

q + q ! 7q̄ + 3¯̀+ nBW/Z/�/H , (1.1)

where q, q̄, ¯̀denote a quarks, anti-quarks and anti-leptons, respectively, and nB is the total

number of gauge and Higgs bosons. The charge structure of this process is explained in

detail in the next section. From here on, we will refer to such processes as being “sphaleron”

induced, emphasising the phenomenological nature of our analysis. We consider various

parametrisations of the distributions of gauge bosons. We note, however, that we neglect

the helicity of the produced fermions in our Monte Carlo (MC) simulation. We expect

this to have a negligible e↵ect on angular distributions that would be washed out by

hadronization and other e↵ects.4

The paper is organised as follows: we describe the MC simulation of sphaleron-induced

processes in section 2. There, we also present a discussion of the uncertainties present in

our parametrisation. In section 3 we present a study of the phenomenology of the processes

at hadron colliders such as the CERN LHC at centre-of-mass energy of 13 TeV, a potential

future upgrade to 27 TeV and a potential Future Circular Collider colliding protons at

100 TeV.

3
The relation between the change in the fermion and Chern-Simons numbers, as well as the enhance-

ment associated with the large number of bosons, are illustrated rather neatly in the context of the two-

dimensional Abelian Higgs model, see e.g. [5, 6].
4
Indeed, it is already challenging to determine the helicity of top quarks, that do not hadronize, even in

processes that are less populated, see e.g. [24].
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Challenges in integration in existing (NLO/multijet driven) structures:

Varying multiplicity, phase space coverage, colour, …

Sphalerons — [Papaefstathiou, Plätzer, Sakurai — JHEP 1912 (2019) 017]

Instantons —  [Papaefstathiou, Plätzer — in progress]

Flexible infrastructure in Herwig 7.



Baryons (and Baryon number violation)

Rapididy based colour reconnection

Colour singlets not only from qq̄ but also from qqq states

But, baryonic clusters would typically be much heavier

Mijk +Mlmn > Mil +Mjm +Mkn

would always/often be reconnected into mesonic clusters.

Stefan Gieseke · Universität Wien · 21 Nov 2017 34/36

[Gieseke, Kirchgaesser, Plätzer – EPJ C 78 (2018) 99]

A. Siodmok, Space-time CR in H7

Spacetime Colour Reconnection

● With the transverse coordinates in place, we use this information to perform and inform CR
● We introduce a boost-invariant distance measure:

● This is inspired by conventional jet algorithms, where we replace the azimuthal separation 
with transverse separation.

● We use similar strategy as in the simple plain CR base on the cluster mass measure.
● If the sum of the cluster separations is smaller after a possible reconnection:

then we accept the reconnection with a probability p
reco

● Baryonic spacetime colour reconnection uses the algorithm from 
[S. Gieseke, P. Kirchgaeßer, S. Plätzer Eur.Phys.J. C78 (2018)]

d
0
 is the characteristic length scale for CR, a tunable parameter

[See Stefan’s talk for more models and details]
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Figure 2: Diagrammatic representation of colour flow basis states and their inner products.
The left half of the figure shows three out of the six basis tensors required for a qggq̄ leg
content, where the grey arrows indicate how leg labels i = 1, .., 4 are mapped onto colour
and anti-colour indices (see also Table 1). The right hand part of the figure illustrates how
inner products, i.e. elements of the scalar product matrix, relate to powers of N depending
on how many loops are formed after contraction (see Eq. (3.2)).

n = nq + ng = nq̄ + ng possible colour lines and n! colour flows (i.e. there are n! basis
tensors). Inner products of colour flow basis tensors are given by

h�|⌧i = �
↵1
↵̄�(1)

· · · �
↵n
↵̄�(n)

�
↵̄⌧(1)
↵1 · · · �

↵̄⌧(n)
↵n = N

n�#transpositions(�,⌧)
, (3.2)

where #transpositions(�, ⌧) is the number of transpositions by which the permutations �

and ⌧ differ. This is equal to n minus the number of loops obtained after contracting the
Kronecker symbols, see the right-hand part of Figure 2. In Figure 2, we show three of the
six colour flows that represent the four-parton state on the left, and in Table 1 we specify
the corresponding colour and anti-colour indices for each of the four partons (labelled by i).
We also include the binary variables �i and �̄i, where �i =

p
TR, �̄i = 0 for a quark,

�i = 0, �̄i =
p

TR for an antiquark and �i = �̄i =
p

TR for a gluon (TR = 1/2 in QCD).
Note that in the figure we use the more compact notation:

|213i =

�����
1 2 3

2 1 3

+
etc. (3.3)

We express amplitudes as |Ai =
P

�
A�|�i, where � labels the individual basis tensors,

and the evolution and traces in colour space can be performed in terms of ordinary complex
matrices with elements A⌧�, which relate to the basis independent objects via

A =
X

⌧,�

A⌧�|⌧ih�| . (3.4)

The coefficients A⌧� are not matrix elements of the operator A since the colour flow basis
is not orthonormal. Consequently, we will introduce a dual basis in which

[⌧ |A|�] ⌘ A⌧� . (3.5)
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Colour reconnection model in Herwig

Plain colour reconnection model [Röhr, Gieseke, Siodmok, EPJC C72 (2012)]

If MC + MD < MA + MB accept alternative cluster configuration
with probability preco

Important for hadron collision to restore colour pre-confinement
(works pretty well at LEP)
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in Fig. 8. These three remaining quarks form a colour singlet with baryonic quantum
numbers, a baryonic cluster. To handle baryonic clusters HERWIG needs the constituents
to be labelled as one quark and one diquark rather than three quarks, so we randomly
pair two of them up as a diquark. In our example in Fig. 8 the three quarks in the middle
together form a colour singlet which is combined into a baryon.

!B

Neutralino

meson

baryon
!B

Neutralino

meson

baryon

Figure 8: The Feynman diagrams and colour flows for the hadronization of a !B neutralino
decay.

This procedure is relatively easy to implement in the case of electroweak gaugino
decays. However it becomes more difficult in the case of the !B decay of a squark to
two quarks. If the colour partner of the decaying squark is a particle which decays via a
baryon number conserving process then the two quarks and the particle which gets the
colour of the second decaying particle can be clustered as in the neutralino case, e.g. in
Fig. 9 the ui, dj , dk should be formed into a baryonic cluster.

However, if this second particle decays via !B as well, then the procedure must be
different, as shown in Fig. 10. Here, instead of forming one baryonic cluster, we form
two mesonic clusters. This is done by pairing the dk randomly with either the d̄l or d̄m

into a standard colour singlet, the remaining quark and antiquark are also paired into a
colour singlet. This is not the colour connection for the angular ordering but the colour
connection for the hadronization phase, which is different in this case and determined by
the colour flow in the tree-level diagram.

This leaves the case of the gluino decay for which it is easiest to consider the two
colour lines separately. The colour line should be treated as normal and the anticolour
line like a decaying antisquark. So if the anticolour partner of the gluino is a Standard
Model particle or decays via a baryon number conserving MSSM decay mode we form the
three quarks into a baryonic cluster. However if the anticolour partner decays via a !B
mode we then form two mesonic clusters.

There is one further type of colour flow to be considered which is the production of a
resonant squark via !B which then also decays via !B. The correct hadronization procedure

17

[Dreiner, Richardson, Seymour – JHEP 04 (2000) 008]

4 Stefan Gieseke, Patrick Kirchgaeßer, Simon Plätzer: Baryon production from cluster hadronization

Herwig 7

ALICE Data
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Fig. 4. Measurement of the charged-particle multiplicity atp
s = 7TeV with ALICE at LHC [24]. Shown is a comparison

of the new colour reconnection model for di↵erent reconnection

probabilities with the default model of Herwig.

additional possibility to produce baryons on a di↵erent,
more elementary level than on the level of cluster fission
and cluster decay [1]. In pp collisions with enhanced ac-
tivity from MPI a high density of clusters leads to an in-
creased probability of finding clusters that are suitable for
baryonic reconnection. We expect this model therefore to
have a significant e↵ect on charged-hadron multiplicities,
especially on the high-multiplicity region. We also expect
the new model to have a significant impact on baryon and
meson production since baryonic colour reconnection ef-
fectively makes baryons out of mesons. In Figs. 4 and 5 we
see the influence of the new model for di↵erent values of
pB on the charged-particle multiplicities and the p? spec-
tra of ⇡+ + ⇡� and p + p̄ yields in inelastic pp collisions
at

p
s = 7TeV in the central rapidity region. As expected

the model influences the hadronic multiplicities for large
Nch significantly. A larger baryonic reconnection proba-
bility reduces the number of high multiplicity events and
shifts them towards lower multiplicities. The p? distribu-
tion of the ⇡+ + ⇡� shows an overall reduction while the
p? spectra of the p+ p̄ shows an overall enhancement due
to baryonic colour reconnection. While the description of
the low p? region improves, there are too many p + p̄
with a p? > 2.5GeV. In the next section we describe the
tuning of the model to a wide range of data from hadron
colliders.

3 Tuning

The tuning is achieved by using the Rivet and Professor
framework for Monte-Carlo event generators [26,27]. In a
first tuning attempt we keep the hadronization parame-

ters that were tuned to LEP data at their default values
and follow a similar tuning procedure as in [11]. We re-
tune the main parameters of the MPI model in Herwig,
the pmin

?,0 parameter and the inverse proton radius squared

µ2. Since we altered the colour reconnection model, we
also retune the probability for normal colour reconnection
pR. The only additional parameter we have to consider is
the probability for baryonic reconnection pB. In order to
capture general features of MB observables we tune the
model to a large variety of MB data from the ATLAS
and ALICE collaborations at

p
s = 7TeV [25, 28]. The

following observables were used with equal weights:

• The pseudorapidity distributions for
Nch � 1, Nch � 2, Nch � 6, Nch � 20,

• The transverse momentum of charged particles for
Nch � 1,

• The charged particle multiplicity for Nch � 2,
• The mean charged transverse momentum vs. the mul-

tiplicity of charged particles for p? > 500MeV and
p? > 100MeV

• The pion and the proton yield in the central rapidity
region |y| < 0.5.

The outcome of this tune is listed in Tab. 1 where we show
the parameter values that resulted in the lowest value
of �2/Ndof and the values from the default tune of Her-
wig 7.1 without the baryonic colour reconnection model.
The change in the colour reconnection algorithm and the
possibility to produce baryonic clusters results in an over-
all better description of the considered observables. While
still being able to accurately describe MB data we see the
expected improvement in the charged multiplicity distri-
butions for the high multiplicity region which is due to
the baryonic colour reconnection. The results of the tun-
ing procedure will be presented and discussed in the next
section.

4 Results

Changes in the colour reconnection model are always
deeply tied with the peculiarities of the hadronization
model. In principle one would have to retune all param-
eters that govern hadronization in Herwig. This is usu-
ally done in a very dedicated and long study with LEP
data. We propose a simplified procedure since little to no
changes are expected with the extension to the colour re-
connection model in the e+ + e� environment. At LEP
the colour structure of an event is not changed signifi-
cantly through colour reconnection since it is already well
defined by the parton shower. This was confirmed by com-
paring the new model to a wide range of experimental
data from LEP. We therefore keep the hadronization pa-
rameters that were tuned to LEP data (see Refs. [1, 3])
at their default values. We also note that this does not
replace a dedicated study concerned with the tuning and
validation of hadronization parameters. Especially at pp
collisions a di↵erent model for colour reconnection leads
to changes in the interplay between the clusters and the

Dipoles/clusters/string pieces:

Mesonic DOF, driven by LEP.

Baryons only from hadronization.

Some aspects of radiation & 
hadronization from simulation of 
RPV SUSY. Colour reconnection into Baryonic clusters.



Baryons and colour evolution

[Gieseke, Kirchgaesser, Plätzer, Siodmok – JHEP 11 (2018) 149]

Numerical results

Toy Monte Carlo to study colour evolution of up to 5 clusters (!
120 possible colour flows)
Use different quark kinematics:
I RAMBO phase space
I Multiperipheral phase space (UA5)

RAMBO
UA5
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In terms of the colour flow basis introduced earlier, the action of the evolution operator

can be summarised in iterating so-called colour reconnectors [16] which, once per action,

will swap two indices of the permutation labelling the specific colour flow, and introduce

longer sequences of transpositions when exponentiated. If the colour flows in a basis tensor

can be considered to indeed represent physical colour singlet systems, than the evolution

operator can be expected to be the basic object describing the physics of colour reconnection

at the amplitude level. We shall use this observation as a starting point for our model

investigation.

4 The General Algorithm and Baryonic Reconnections

The specific configuration we obtain from a pre-confining parton evolution as discussed in

Sec. 2, with a universal cluster mass spectrum, can be seen as driven by a cross section

resulting from an amplitude which has been dominated by a colour structure |⌧i corre-

sponding to the assignment of clusters identified in the final state,

d� ⇠ |H({p}, Q2, {M2
ij})|2 |H({p}, Q2, {M2

ij})i ⇡ H⌧ ({p}, Q2, {M2
ij})|⌧i . (4.1)

In this case we assume that the logarithms of Q2/M2
ij have been summed by the parton

shower evolution with M2
ij ⇠ 2pi · pj ⇠ Q2

0, e↵ectively corresponding to a veto of radiation

o↵ dipoles with masses around the shower infrared cuto↵ Q2
0 and we view the initial step

of colour reconnection as an evolution in colour space to scales of order µ2 below the

initial cluster masses and the parton shower infrared cuto↵. To this extend we identify

M2
ij = 2pi · pj , and we use

U
�
{p}, µ2, {M2

ij}
�

= exp

0

@
X

i 6=j

Ti · Tj
↵s

2⇡

 
1

2
ln2

M2
ij

µ2
� i⇡ ln

M2
ij

µ2

!1

A (4.2)

as an Ansatz for the evolution. The starting point for colour reconnection of a cluster

configuration represented through a colour structure |⌧i is then to consider the overlap

between the evolved amplitude and a new colour structure |�i to constitute a reconnection

amplitude,

A⌧!� = h�|U
�
{p}, µ2, {M2

ij}
�
|⌧i . (4.3)

Here we have removed the partial amplitude for the colour flow we start to evolve, as it

will only an overall normalisation which is irrelevant for the reconnection probability, which

we now take to be

P⌧!� =
|A⌧!�|

2

P
⇢ |A⌧!⇢|

2
, (4.4)

where ⇢ runs over all possible colour flows.

4.1 Baryonic Colour Reconnections

In [15] the concept of colour reconnection to baryonic clusters has been investigated and

proven to be central to the description of baryon production at hadron colliders. In the
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framework of our perturbatively inspired colour reconnection we can also accommodate for

such reconnections provided that there are at least three clusters, or colour flows, to be

considered. It is then possible to associate a baryon/anti-baryon pair to a colour structure

which has been suitably anti-symmetrized in three fundamental and three anti-fundamental

indices

|Bijki =
1

NB
✏ijk ✏̄ij̄k̄ =

1

NB

 �����
i j k

ī j̄ k̄

+
+

�����
j k i

ī j̄ k̄

+
+

�����
k i j

ī j̄ k̄

+
�

�����
j i k

ī j̄ k̄

+
�

�����
i k j

ī j̄ k̄

+
�

�����
k j i

ī j̄ k̄

+!
. (4.5)

The normalisation constant is taken to reproduce the normalisation of a single mesonic

configuration,

hBijk|Bijki = N3 , N2
B = 3!

✓
1 �

3

N
+

2

N2

◆
=

4

3
. (4.6)

This allows us to define a baryonic reconnection amplitude

A⌧!Bijk⌦�̃ijk = hBijk| ⌦ h�̃ijk|U
�
{p}, µ2, {M2

ij}
�
|⌧i , (4.7)

where �̃ijk denotes the permutation with the colour and anti-colour indices corresponding

to the baryonic system removed,

|�̃ijki =

�����
1 · · · n \ i, j, k

�(1) · · · �(n) \ ī, j̄, k̄

+
. (4.8)

The generalised reconnection probability is then

P⌧!� =
|A⌧!�|

2

N⌧
, P⌧!Bijk⌦�̃ijk =

|A⌧!Bijk⌦�̃ijk |
2

N⌧
(4.9)

with

N⌧ =
X

⇢

|A⌧!⇢|
2 +

X

⇢

X

i<j<k

|A⌧!Bijk⌦⇢̃ijk |
2 . (4.10)

We also consider the possibility of evolving an already existing Baryon, for which we

introduce ’unbaryonizing’ reconnection amplitudes

ABijk⌦�̃ijk!⌧ = h⌧ |U
�
{p}, µ2, {M2

ij}
�
|Bijki ⌦ |�̃ijki . (4.11)

These allow us to quantify how relevant such an evolution step would be for a high-mass

baryonic system, which would not have entered the reconnection dynamics any more in the

case of the models considered before.

5 A Two-Cluster Sandbox

The goal of this Section is to gain an analytical insight into colour reconnection from soft

gluon evolution. In order to do so we study the simplest possible situation of the evolution
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ī j̄ k̄

+!
. (4.5)

The normalisation constant is taken to reproduce the normalisation of a single mesonic

configuration,

hBijk|Bijki = N3 , N2
B = 3!

✓
1 �

3

N
+

2

N2

◆
=

4

3
. (4.6)

This allows us to define a baryonic reconnection amplitude

A⌧!Bijk⌦�̃ijk = hBijk| ⌦ h�̃ijk|U
�
{p}, µ2, {M2

ij}
�
|⌧i , (4.7)

where �̃ijk denotes the permutation with the colour and anti-colour indices corresponding

to the baryonic system removed,

|�̃ijki =

�����
1 · · · n \ i, j, k

�(1) · · · �(n) \ ī, j̄, k̄
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baryonic system, which would not have entered the reconnection dynamics any more in the

case of the models considered before.

5 A Two-Cluster Sandbox

The goal of this Section is to gain an analytical insight into colour reconnection from soft

gluon evolution. In order to do so we study the simplest possible situation of the evolution
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Colour reconnection amplitudes from soft gluon evolution 
can include (un-)connection of baryons.

Analysis of evolution in colour space needed to judge structure of (dipole) shower evolution.
[Plätzer — in progress] following [Angeles, De Angelis, Forshaw, Plätzer, Seymour – JHEP 05 (2018) 044]



Comparisons at LHC
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[Amoroso — based on Instanton simulation in Herwig 7]

[Papaefstathiou, Plätzer — unpublished]

0 5 10 15 20 25 30 35 40 45 50
DisplacedN

0.05

0.1

0.15

0.2

0.25

N
um

be
r o

f E
ve

nt
s QCD Instanton (Sherpa)

QCD Instanton (Herwig)
HardQCD < 800 GeVI500 GeV < m

Selection: Inclusive

-1 L dt = 1 pb∫13 TeV, pp, 

0 2 4 6 8 10 12 14 16 18 20
DisplacedN

0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16
0.18
0.2

0.22

N
um

be
r o

f E
ve

nt
s

SoftQCD (Default)

SoftQCD (Sherpa)

SoftQCD (Herwig)

 < 40 GeVI20 GeV < m

Selection: Inclusive

-1 L dt = 1 pb∫13 TeV, pp, 

Shape Comparison



Open questions & work in progress

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
JetsT

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

N
um

be
r o

f E
ve

nt
s QCD Instanton (Sherpa)

QCD Instanton (Herwig)
HardQCD < 800 GeVI500 GeV < m

Selection: Inclusive

-1 L dt = 1 pb∫13 TeV, pp, 

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
T

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

N
um

be
r o

f E
ve

nt
s

SoftQCD (Default)

SoftQCD (A14)

SoftQCD (Sherpa)

SoftQCD (Monash)

SoftQCD (Herwig)

 < 40 GeVI20 GeV < m

Selection: Inclusive

-1 L dt = 1 pb∫13 TeV, pp, 

Shape Comparison

Stable predictions for event shapes.

Vast variation in tracks/vertices.

[Amoroso — based on Instanton simulation in Herwig 7]

[Papaefstathiou, Plätzer — unpublished]

Shower evolution, colour choices?

Tune variation/model uncertainties?
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Shower evolution, colour choices?

Tune variation/model uncertainties?
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Shape Comparison

∫
2nf−1
∏

i=1

{

d4pi δ
(+)
(

p2i −m2
i

)

p0i
}

ng
∏

k=1

{

d4pk δ
(+)
(

p2k −m2
g

)

p0 2k
}

(10)

× δ(3)




2nf−1
∑

i=1

"pi +
ng
∑

k=1

"pk



 δ



WI −
2nf−1
∑

i=1

p0i −
ng
∑

k=1

p0k



 .

These different energy weights for quarks and gluons [3], along with the angular
isotropy [5,9], are characteristic features of the leading-order partonic final
state (after averaging over colour).

Next, the colour and flavour connections of the partons are set up. The colour
flow is obtained simply by connecting the colour lines of adjacent partons
within each of the above-mentioned nf [ q . . . q ]-“strings” in a planar manner
(consistent with the leading order 1/Nc expectation). This choice is inspired by
the leading-order partonic final state (after averaging over colour) [3], but may
well deserve further research. The flavour flow is constructed by connecting
the flavour lines of the quark at the beginning of a string with the flavour line
of the anti-quark at the end of a string.

The hard subprocess generation ends by boosting the momenta of the final
state partons to the laboratory frame.

While the subsequent perturbative evolution of the generated partons is al-
ways handled by the HERWIG [8] package, the final hadronization step may
optionally 4 be performed also by means of JETSET [18].

3 The QCDINS package

This section is devoted to a systematic description of the various routines of
the QCDINS package that is designed as an “add-on” hard process generator,
interfaced to the Monte Carlo generator HERWIG [8].

This reference section is organized as follows:

While all subroutines and functions of the QCDINS package are described in
alphabetical order in Section 3.1, a logical flow-chart is provided in form of
Tables 1 and 2 below. They should always be used as the main guide through
the description of the package. A routine listed in the n-th column and the
m-th row of these tables progressively calls all routines in the (n+1)-th column
starting in the (m+1)-th row. All routines called at the level of the main hard
process generator QIHGEN and below are documented in Table 2.

4 We thank H. Jung for his help [17] to interface QCDINS with JETSET.
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Thank you!


