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”Colours are forces, radiant energies
that affect us positively or negatively,
whether we are aware of it or not.”
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Abstract

The non-perturbative models for hadronization and colour reconnection of general purpose
Monte Carlo event generators have been developed by theoretical motivation, but are ulti-
mately phenomenological models with many free parameters. Although this allows for a good
description of the measured data, the uncertainties associated with these models cannot be
easily and reliably estimated. In addition, these models are very limited in their predictivity
and can exhibit unphysical behaviour, especially in correlation observables. In this thesis we
will show some of these shortcomings of the event generator Herwig with a particular focus
on baryon production and provide an approach motivated by the colour evolution picture
to resolve the encountered issues for the hadronization and colour reconnection models. We
discuss the phenomenology of the developed models and study observables that are able to
discriminate between different parts of the hadronization model. Additionally, we implement
a new colour reconnection topology in order to boost the baryon production and support
the measured near side suppression of baryon-baryon angular correlations. We show a colour
reconnection algorithm to study its phenomenology and finally compute the momentum de-
pendent dynamical transition probabilities calculated from soft gluon evolution. Finally, we
urge the experimental community to measure many more correlation observables for different
centre of mass energies and different collision systems in order to pin down the hadronization
and colour reconnection models more reliably.

Zusammenfassung

Die nicht-stoérungstheoretischen Modelle fiir die Hadronisierung und Farbwiederverbindung
von Mehrzweck-Monte-Carlo-Ereigniserzeugern sind entwickelt worden durch theoretische
Motivation, sind aber letztendlich phdnomenologische Modelle mit vielen freien Parametern.
Obwohl dies eine gute Beschreibung von gemessenen Daten erlaubt, konnen die dazugehori-
gen Unsicherheiten nicht einfach und zuverldssig abgeschitzt werden. Zudem sind diese
Modelle sehr beschrinkt in deren Vorhersagbarkeit und kénnen unphysikalisches Verhal-
ten besonders in Korrelationsobservablen aufweisen. In dieser Doktorarbeit werden wir
einige von diesen Unzulédnglichkeiten von dem Ereigniserzeuger Herwig mit besonderem Fokus
auf die Baryon-Produktion zeigen und einen Lésungsansatz motiviert durch das Farbevo-
lutionsbild bereitstellen um die angetroffenen Probleme fiir die Hadronisierungs-und Farb-
wiederverbindungsmodelle zu beseitigen. Wir diskutieren die Phénomenologie der entwickel-
ten Modelle und untersuchen Observablen, die in der Lage sind zwischen den verschiedenen
Teilen des Hadronisierungsmodells zu unterscheiden. Zusétzlich implementieren wir eine neue
Farbwiederverbindungstopologie um die Baryon-Produktion anzukurbeln und die gemessene
Unterdriickung der diesseitigen Winkel-Korrelationen zu unterstiitzen. Wir zeigen einen
Farbwiederverbindungsalgorithmus um die Phénomenologie zu untersuchen und berechnen
letztendlich die impulsabhiingigen dynamischen Ubergangswahrscheinlichkeiten. SchlieBlich
halten wir die Gemeinschaft der Experimentalteilchenphysik dazu an, viele weitere Korre-
lationsobservablen fiir verschiedene Massenschwerpunktsenergien und verschiedene Kollision-
ssysteme zu messen um die Hadronisierungs-und Farbwiederverbindungsmodelle zuverldssiger
festlegen zu konnen.
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CHAPTER 1

Introduction

The strong nuclear force - as the name suggests - is the strongest of the four fundamental
forces of the Standard Model (SM) of particle physics. It is not only responsible for binding
protons inside atomic nuclei against the Electro-Magnetic (EM) Coulomb repulsion, but also
binds quarks inside hadrons at low energy scales. In fact, most of the mass of hadrons
and thus atoms originates from the interactions of the fundamental quarks with the strong
nuclear force. The fundamental description of the strong interaction is given by Quantum
ChromoDynamics (QCD). This interaction allows due to its asymptotic freedom property for
very precise perturbative calculations at high energy scales. However, at lower energy scales
the strong interaction becomes Non-Perturbative (NP) and confines quarks and gluon into
colourless hadrons.

In High Energy Particle (HEP) physics experiments only hadrons are observed in the de-
tectors and not the underlying quarks and gluons. It is therefore essential to understand
and especially also attempt to predict this transition from perturbatively calculable partons
to NP observable hadrons. Since this so-called hadronization process is non-perturbative,
computations become unfeasible for pragmatical simulations of QCD processes. Therefore
usually phenomenological hadronization models such as the cluster or string model are used
to describe this confinement process in general purpose event generators such as Herwig ,

Pythia (3] and Sherpa [4].

Such hadronization models - and more in general event generators - are used by experimen-
talists to estimate backgrounds, compute hadronization uncertainties and to test unfolding
analysis and are therefore crucial for precision measurements and the search for new physics.
In order to develop such simulations a detailed understanding of the underpinning theoretical
physics is necessary to capture the multi-faceted features of a realistic high energy collision.

In particular, also so-called Colour Reconnection (CR), which attempts to rearrange the
existing colour structure of partons via the exchange of soft gluons and tries to reconnect
different QCD interactions of the same hadronic collision, is important and has become a
substantial source of uncertainty e.g. for the top mass measurement . In addition, for
hadronic collisions it is still unclear how different partonic collisions of the same event interact
with each other. For such cases, CR models try to restore their correlated colour structure
from previously uncorrelated scatterings.
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Both CR and hadronization models have been developed so far using theoretical motivation,
but are ultimately phenomenologically descriptive models reliant on many free, a priori un-
known so-called tuning parameters that are fitted or tuned to existing measured data. It
is therefore difficult to truly extract hadronization uncertainties in a meaningful way as has
been laid out in @ In particular, the long term goal would be to have sufficiently good
control over the hadronization uncertainties such that e.g. jet sub-structure and correlation
measurements could become more precise and reliable.

Reliable hadronization and CR models are also essential for studying heavy ion collisions
to determine whether features of collectivity arise from thermal effects or pure microscopic
QCD. In particular, the existence of a thermalized quark gluon plasma could be tested by
comparing microscopic simulations without temperature with thermal simulations.

Therefore we attempt with this thesis to develop a hadronization and CR model that has more
theoretical motivation from colour evolution and is reliant on fewer tuning parameters.
This thesis is structured as follows.

In chapter 2| we introduce the basic concepts of QCD, the infrared and collinear limits, the
master formula for hadronic collisions and the basics of the colour flow basis, which will be
needed later.

In chapter |3| we describe the typical structure of a general purpose event generator, where
we describe especially in detail the event generator Herwig since we will be implementing
changes in this model.

In chapter |4| we show some phenomenological studies of Herwig and in particular show some
shortcomings in the description of correlation observables of baryons. We attempt a naive
solution for the encountered problems, which is however not sufficient as it introduces other
unphysical features.

In chapter [5| we present a new hadronization model based on the colour evolution picture
and show that its phenomenology solves some of the encountered issues. We also introduce
observables, which are able to discriminate between various parts of the hadronization model,
which is crucial for pinning down the individual parts of the model.

In chapter 6| we develop a new CR topology and a corresponding phenomenological algorithm,
that has not been yet available in Herwig, which boosts the formation of baryons and yields
also some features reflected by measured correlation observables.

In chapter 7| we develop and implement a CR model, which is motivated by the soft gluon
evolution picture . We discuss the approximations used and show its phenomenology
for a two cluster system and the general algorithm. We supply multiple already existing
CR algorithms of Herwig with the calculated probabilities and show their phenomenological
differences.

We will be concluding with a more general outlook and show that our work has been a proof
of concept that more predictive CR and hadronization models with fewer parameters are
feasible and solve some unphysical behaviour.



CHAPTER 2

The Strong Interaction

In this chapter we introduce the fundamental Quantum Field Theoretical (QFT) description
of the strong interaction, which is called Quantum ChromoDynamics (QCD) and discuss the
confinement property. We briefly discuss the factorization property of QCD, which is the
backbone of perturbative calculations for the proton proton collisions at the Large Hadron
Collider (LHC). Furthermore, we discuss the colour flow basis and soft gluon evolution, which
will be useful later for our work on colour reconnection.

2.1 Quantum Chromodynamics and Confinement

The fundamental constituents of hadrons are quarks bound together by the strong nuclear
interaction mediated by gluons. This strong interaction is described in QFT by a non-abelian
gauge theory of the gauge group SU(N,), where the number of "colours” N, has been measured
for example by the R-ratio @ﬂ to be N. = 3. Nonetheless, it is still instructive to keep N,
variable especially in the context of so-called large N, theories as approximations to real
QCD with N, = 3. Therefore, we will keep N, variable in the equations® unless otherwise
stated in this thesis. The QCD Lagrangian density for a SU(N.) theory is defined as the
following according to , where we ignore the gauge fixing term and the Faddeev-Popov
ghost term since those are not relevant for this thesis:

1 _
Lacp = —5Tr [Fu F*] + > gD - my)gy, (2.1)
fe{Flavours}

with ) = D,7° and my the quark current masses. Here D, = 9, — igsA,, is the covariant
derivative and F),, = i[DM, D) = 0,A, — 0,A, —igs[Au, Ay is the gluon field strength

S
tensor with the corresponding gluon field A, and the strong coupling constant g, describing
the strength of the interaction. Note that in this notation 4, = T“Ajj, where T" are the
(NC2 — 1) generators of the gauge group in the fundamental representation, which for QCD

are T% = \*/2, with the Gell-Mann matrices \*. Therefore, the commutator [4,, A,)] =

'But of course for actual computations and plots we will set N. = 3.
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AﬁAZi [T can be further simplified using the structure constants f®¢ of the gauge group
defined as:

[Ta Tb] fabcTc (2'2)

The quark Dirac fermions gy are in the fundamental representation N of the gauge group

leading to N, coloured quarks, while the antiquark Dirac fermions gy = qT

~" are in the anti-
fundamental representation N and carry anti-colour. The gluon fields Az are given in the

adjoint representation (Ng — 1) in order to maintain local gauge invariance.

In the following we use the usual group normalization according to the following relations :

1
Tr(T°T?) = Tré*? = 76‘”’, (2.3)
Tr (TATA) facdfbdc _ CA(Sab _ chab’ (24)
NZ -1
T°T* = Cpl = =< 1 2.5
r IN, (2.5)
where (T%)p = —if% are the generators in the adjoint representation.

The order-by-order renormalization of QCD results in the so-called running of the strong
coupling a,(p) = ¢2(u)/(47) with the renormalization scale p, where the change of the
strong coupling follows the following Renormalization Group Equation (RGE), where Ny is

the number of quark flavours :

da

wg = Blas), (2.6)
ﬁ(as):_2a5 |:( >B0+ ( > 61+O( 7_(_)3:| ) (27)
11 4
Bo = ECA - gTRNf = ENC - ng, (2.8)
34 20 1 13N? —3
B = 303, — TrNy <3CA + 4CF> =3 (34N§ — &N,«) . (2.9)

Here [(as) is the beta function of QCD, which can be calculated from the counter-terms of
the renormalization procedure order-by-order and Ny is the number of active quark flavours
at the relevant energy scale. The coefficients 3; are the (i 4 1)-loop order coefficients and are
scheme independent for i < 2 and gauge covariant [14].

This RGE can be solved from a reference scale ug to the scale of interest u keeping only the
leading order term in equation (2.6) to give the following :

as(po) 27 1
1+ 520 (o) log ( ) 5o 1og (

as(p) = (2.10)

Aqcep )

Note that in the last equivalence we have rewritten the equation by introducing the (lowest

order) confinement scale Aqcp = po e_m at which the coupling diverges since 5y > 0
for QCD. For the Standard Model the running of «; as a function of energy scale is displayed
in figure alongside with experimentally measured values. The leading coefficient Gy > 0 in
the Standard Model, which implies that QCD is asymptotically free i.e. at low enough scales
the coupling has a Landau pole, invalidating the application of perturbative QCD methods at
energy scales 4 S Aqop. This confinement scale is experimentally found to be Aqcep ~ 200
MeV and sets the energy scale at which strongly charged particles confine into colourless
hadrons.
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Figure 2.1: The predicted running of as(x = @) at various energies (black lines) alongside
with the different experimental measured values from .

Nonetheless, due to the asymptotic freedom of QCD it is possible to perform perturbative
calculations of quark, antiquark and gluon, which are called partons, processes to very high
accuracy at high energy scales @) > Aqcp, where the coupling is small. However, indepen-
dently of how precise the perturbative calculation may be, what is measured in experiments
are confined hadrons and not quarks and gluons. The transition from coloured partons to
colourless hadrons is called hadronization and is a non-perturbative phenomenon, which is
poorly understood and in practice relies on phenomenological models. Note that some aspects
of non-perturbative QCD can be calculated using lattice QCD [16], but those are in practice
often hard to transform into a pragmatic hadronization model.

2.2 Infrared and Collinear Limits of QCD

Processes in QCD? often involve InfraRed (IR) and collinear divergences, which can be at-
tributed to an internal propagator going on-shell if partons become soft and/or collinear.
These IR and collinear limits lead to the factorization of soft and collinear partons [11].
A manifestation of these divergences and the corresponding factorization can be seen in
the process eTe™ — ¢gg, whose cross section 04q¢ can be factorized into the cross section
Ogg =0 (e+e_ — q(j) in the IR and collinear limits, which is given by the following, showing

only the divergent parts [11}[17]:

as(p) 2 (1—2)2+1
27 sin20 z

d*o 94y
dcosfdz

=045 % CF + IR and collinear finite terms. (2.11)
Here 6 is the angle between the quark ¢ and the gluon g and z = E;/E, is the energy
fraction carried by the gluon. One can clearly see that for § — 0/7 the expression diverges
logarithmically, which exposes the collinear singularity. On the other hand if the gluon
becomes soft in the limit z — 0 the expression is IR divergent. Both of these divergences are
related to the propagator of the internal (anti)quark line in the Feynman diagrams shown

2This feature is not exclusive to QCD, but also applies to any gauge theory with a massless vector boson.
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Figure 2.2: The contributing Feynman diagrams to the NLO fixed order cross section of
og(ete” — qq@). The top diagrams include just a gg-pair in the final state, while the bottom
diagram are the real emission diagrams, where an extra gluon is radiated off.

in figure (bottom) going on-shell. In particular, assuming the gluon and the quarks to
be massive with m, and m, respectively one can identify the IR divergence as the limit
mg — 0, my # 0 and the collinear divergence as the limit m, = 0, my — 0 as shown in |\
Note that mg, my — 0 corresponds to the IR and Collinear (IRC) limit.

When computing a fixed order NLO cross section o (e e — qq‘), all of the diagrams® in

figure are needed to give an IRC finite result, where the bottom real emission diagrams
(after integration over the gluon momentum) cancel exactly the divergences of the top right
virtual diagram, which is the manifestation of the KLN theorem [19,20]. This admits the
interpretation of this phenomenon as a built-in finite resolution criterion for the emitted gluon
i.e. no detector can detect an infinitely soft and/or collinear gluon. Even though the IRC
divergences cancel, the remaining real emission is still logarithmically enhanced if it is soft
and/or collinear.

+

One should note that these logarithmic enhancements of the resulting real emission matrix
elements are a generic feature of massless gauge theories, but the fact that the QCD coupling
is quite large and that gluons interact with other gluons makes these enhancements much
more significant than e.g. in QED. This feature of QCD leads to the notion of jets, which are
sprays of collinear (and to some extent soft) particles originating from these logarithmically
enhanced real emissions. These jets will be the motivation for introducing parton showers in
the modelling of QCD interactions, which are able to resum these large logarithmic enhance-
ments by recursively emitting partons in the correct soft and collinear pattern leading to a
fully exclusive final state.

2.3 Infrared and Collinear Safety

As mentioned before the IR and collinear divergences have a huge impact on the phenomenol-
ogy of high energy collisions. It is therefore useful to define observables which are relatively
insensitive to these effects. Such observables U[{p;}] for a set of final state particles {p;} are

3In principle also the self-energy corrections would be needed, but if one chooses dimensional regularization and
works in the Landau gauge these corrections are zero as discussed in .
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called IRC safe observables if they respect the IR safety condition and the collinear safety
condition. For the IR safety condition to be satisfied, the observable must not change if a
soft particle pg - i.e. a particle with vanishing energy and momentum - is added to the set of

particles :

U[{pi} Ups] = U [{pi}]- (2.12)

For the collinear safety condition one requires that the observable does not change if each
particle (but without loss of generality we can just exemplify it for one particle) p; —
{Apj, (1 = N)p;} (for all X € (0, 1)) is replaced by two particles collinear to each other with
the same total momentum such that the condition becomes :

U{pit/{pi} U{Ap;, (1 = Np;}] =U[{pi}]. (2.13)

If both of these properties are fulfilled® the observable is said to be IRC safe and can be
computed to high accuracy analytically using resummation where only power corrections of
order O (Qo/Q)? for p > 1 can be induced, where @ is the hard scale of the process and Qg
is an IR cutoff [17].

2.4 Jet Algorithms

A jet algorithm is a useful tool for theoretical and experimental particle physics, which serves
as a proxy for the inaccessible hard partons properties. We want to stress however that a
parton and a jet are not identical e.g. the invariant mass of a jet is often far larger than the
parton’s on-shell mass. In principle a jet algorithm J is a mapping from a set of particle
four-momenta {p;} to a set of (pseudo)jet four-momenta {j;}, which can be represented by an
appropriate algorithm J [{p;}] = {ji}. Since it only depends on the set of momenta, it can be
applied at parton level, hadron level or even at energy flow level. A good jet algorithm should
be IRC safe, which means it has to satisfy the following in the same sense as we discussed in

section
J {pi} Upsl = T {pi}], (2.14)

!

J {pit/{p;} U{Ap;, (1= Np;i} =T [{pi}]- (2.15)

The IRC safety condition ensures that the IR and collinear divergences cancel properly. Here
we will be discussing only sequential recombination algorithms, of which most obey the fol-
lowing algorithm, where we call all particles pseudojets in the following [21}22]:

1. Each pseudojets is assigned a value d;p associated to them and for each pair of pseu-
dojets a distance measure d;; is computed.

2. Find the minimum dpi, of all d;g and d;j, i.e. dmin = min {d;g, d;;}.
27‘7

3. If diin = di»p then the pseudojet ¢* is removed from the set of pseudojets and moved
to the set of finished jets if the algorithm is considering inclusive jets. In the case of
considering only exclusive jets the pseudojet i* is merged to the so-called beam jet (and
discarded).

4. If dmin = d;=j+ then the pseudojet i* and j* are merged together to form a pseudojet
k ie. i* and j* are removed from the set of pseudojets and replaced by the merged
pseudojet k. This is done according to a recombination scheme depending on the jet
algorithm.

“In fact, for resummation a slightly stronger condition such as recursive IRC safety is necessary.
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5. Repeat from step 1. until the set of pseudojets is empty or in the exclusive jets case if
dmin > deyt and only a number of finished jets remain. In the exclusive jets case, one
can also require the algorithm to only stop after a given number of jets remain.

Now the difference between the jet algorithms remains in specifying d;g, d;j, deyt and the
recombination scheme. The recombination scheme is typically chosen to be the so-called E-
scheme, which just merges the two pseudojets 7 and j by summing their four-momenta to
obtain pj = p; + p;. Another scheme that we will be using is the so-called Winner-Takes-All
(WTA) |p] scheme of FastJet [21[[22], which assigns the merged pseudojet pj, the
mass and direction of the pseudojet with max{|pi|, |pj|} and as a resulting |pj| = |pi| + [P}
This ensures that the mass and direction is preserved exactly for the combination of a hard
particle with a very soft one. There are also different schemes more important for pp collisions,
but they are beyond of the scope of the necessary ingredients we will be needing later on.
Regarding the distance measures d;; and d;g there are several options that we list here for
eTe™ collisions:

e JADE: This algorithm has d;; = 2E;E;(1 — cosf;;) and d;g > d;j; is irrelevant in this
algorithm, which is valid only for exclusive jets . The algorithm has a stopping
criterion d.,; which has to be chosen.

e Durham KT: This algorithm has d;; = 2min{FE?, Ef}(l — cos ;) and dig > d;j is
irrelevant in this algorithm, which is valid only for exclusive jets . The algorithm
has a stopping criterion d.yt which has to be chosen.

e General KT: This algorithm has d;; = min{E.”, E?p}(l — c0s0;)/(1 4+ cos R) and
dip = Ez2 P where R is the resolution parameter and p an arbitrary value. This algorithm
works for inclusive and exclusive jets.

The above algorithms are sometimes called spherical algorithms since they use spherical

coordinates 6;;, while for their equivalent algorithms at pp collisions longitudinally (boost)

invariant coordinates Ay;; and A¢;; are used in the following manner with AR,?j = Ayfj +

Agb?j:

e Longitudinally invariant KT: This algorithm has d;; = min{p3, p%j}AR?j /R? and
dip = p%m‘ . The algorithm has the resolution parameter R, which controls
the jet radius. This works for inclusive and exclusive jets, where in the latter case a
deut has to be provided.

o Anti-KT: This algorithm has d;; = min{p;;, p}?}AR?j/R2 and dig = py7 . The
algorithm has the resolution parameter R, which controls the jet radius.

e Cambridge-Aachen: This algorithm has d;; = ARfj /R* and dig = 1 ,. The

algorithm has the resolution parameter R, which controls the jet radius.

Note that the Durham k7 algorithm first clusters soft particles together, which is the reason
why it is not used for pp collisions, where a lot of soft particles come from soft interactions.
This problem is resolved by the anti-k7 algorithm, which first clusters the hard particles and
forms circular shapes around them in the y — ¢ plane.

2.5 The Master Formula of High Energy Hadron Collisions

Hadronic inelastic cross sections oq, g,—x i.e. processes with hadrons H;, Hy in the initial
state are in principle non-perturbative objects. Nonetheless at high enough energies due to
collinear factorization of QCD these cross sections - assuming a single hard process per
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Figure 2.3: A schematic picture of the master formula (2.16). Note that the PDFs fa(x;)
and the hard partonic cross section 6y, p,—x depend on the factorization scale pp and the
in the latter case also on the renormalization scale up.

hadron collision as sketched in figure[2.3]- can be computed perturbatively using the following

master formula :

R F
OH Hy—X :Z/dxidxjffl (@i, pp) F{2 (@5, 7)) B py—x <as(uR), M)

+ power corrections, (2.16)
. 1 2
Op;,pj—X :2-Tixj s /d(I)X|Mp¢,pj~>X’ . (217)

Here the partonic cross section® Op;,p;—Xx 18 convoluted with the so-called Parton Distribution
Functions (PDFs) fZ-H“ (x, ), which give the probability of extracting a parton 7 from hadron
H, with the momentum p; = = pg, at the factorization scale 1. Alongside the factorization
scale, the cross section can also depend on a renormalization scale ugr at which the UV
divergences are subtracted, which in principle can be different from pp, but is mostly chosen
to be equal to the factorization scale. Note that the power corrections that we omit in the
master equation stem from so-called higher twist terms, which are suppressed by inverse
powers of the hard scale of the process ), hence the name power corrections . The sum
over 7, j runs over all possible partons pairs, which are contributing to the partonic cross
section and ®x is the | X|-particle final state phase space.

While these cross sections can be computed to high accuracy, they are completely inclusive
and give only the probability of measuring such a process, while being completely oblivious to
the sub-structure of real events observed at e.g. the LHC. If we want to measure the property

®Note that here we use the ultra-relativistic approximation for the incoming flux in equation 1i as this is
rarely unjustified
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¢ of the final state X, we can do so by adding a measurement function U X, ®x] to the
master formula (2.16) to obtain the following differential cross section:

d”gg“ - Z/dxidxjfflffzgg/dcbX|M,,i,pﬁX|2u§[X, Byl (218)
i,j

Typically the measurement function Ug[X, ®x| is a complicated combination of delta func-
tions and theta functions in order to represent projections and phase space cuts. The above
observable can be computed in principle in Fixed Order (FO) calculations to an arbitrary®
order k to give a N*LO prediction which is accurate up to O(af“) compared to the Leading
Order (LO) and contains at most k real emissions. Note however that a general N*LO process
is a often a multi-scale process whose accuracy is often spoiled by the appearance of large
logs log(p) ~ a;l > 1 of scale ratios. In cases where these large logs are important for the
measurement they need to be resummed to all orders and matched to the FO calculation to
maintain a controlled result. So the task of N"'LL resummation is to sum all Leading large
Logs (LL) of order m to all orders in o to include contributions of the form a! logt1=™ (p)
for all I > m — 1, where p is a relevant ratio of scales .

Although for some processes and relatively simple measurement functions very precise FO
perturbative QCD and resummation results exist, see e.g. this N3LL+NNLO calculation for
as determination or this fiducial Drell-Yan (pp — [7I") cross section calculation at
N4LLP+N3LO , for more complicated U [X, ®x] and especially also for not recursively
IRC safe observables resummation is not possible. In these cases Monte Carlo event generators
truly excel, due to their ability to completely exclusively simulate a hadronic collision with
the full information about the final state.

2.6 The Colour Flow Basis

A crucial difference from QED to QCD is the non-abelian nature of SU(N,), which implies
that gluons carry colour charge (in fact twice the charge compared to quarks for N. —
o0). This difference leads to a non-trivial colour structure for the strong interaction, which
combined with the necessity for hadrons to form colourless states has a huge phenomenological
impact on the overall structure of jets. It it therefore worth to examine the typical colour
structures, which we will encounter in this thesis, e.g. a gluon exchange between a quark and
an antiquark. We displayed the corresponding Feynman diagrams in figure showing the
colour structure, which can be conveniently written using the Fierz identity as the following:

1

1
T Tl = 5 <5kz5mn N

Note that the N, suppressed term looks like a colour singlet gluon exchange, which is needed
in order to satisfy the SU(N,) symmetry’. One can clearly see from equation that
the colour structure simplifies significantly in the limit N, — oo, which is often also called
the large N, limit or the leading colour approximation [10]. However, one should also note
that taking the large N, limit implies the existence of infinite distinct colours without ever
repeating, which of course is not true for QCD. Even though this approximation might seem
completely unreasonable for QCD, at the observable level subleading colour terms will be of
order O(N.?) according to . Nonetheless, this approximation is still very crude and a
systematic treatment for inclusion of some subleading N, terms is sketched in [36].

In practice this is very process dependent as well as computationally demanding.
"Without this contribution we would have a U(N.) gauge symmetry.
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Figure 2.4: The Fierz identity pictorially with the IV, suppressed colour structure.
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Figure 2.5: The exemplary 3 of the 3! colour flow states for 3 ¢q states.

For our further discussion it is very useful to introduce the so-called colour flow basis, which
has been proven in to be a very computationally efficient basis decomposition for evalu-
ation of the colour structures of general amplitudes. From a QCD matrix element | M)
can be decomposed into the following colour basis states, which we denote |p):

M) =" M,|p). (2.20)
p

Here the colour flow states |p) for n = ng + ny = ng + ng outgoing partons, i.e. n, gluons
and n, quarks with ng corresponding antiquarks, can be labeled by a permutation p € S(n)
in the following manner:

0) = ol pi2y 5 ply) = 1p(1) p(2) .. p(n)) =038 882, ...oqn . (2.21)
Note that here we assume that colour "flows” from the upper fundamental representation
index «; (colour) to the lower anti-fundamental index @; (anti-colour) for each leg. The
indices «;, @; € {1, 2, ..., N.} represent the different colours and labels each leg as we
display in figure where gluons would carry a colour and anti-colour index. Note that any
permutation is a valid colour flow state, which means that there are n! different basis states
for n colour flows. In fact, the colour flow basis is overcomplete and non-orthonormal, but
nonetheless it is still very useful and about 60 times more efficient to compute than other
bases as argued by . Even though the basis is not orthogonal, the scalar products between
two states take the following simple form:
(pl7) = 0l Vet .. batMsar a2 . gan = NPTHET), (2.22)

Qr(1) Qr(2) * "V Or(n)

Here the function #(p, 7) denotes the minimal amount of transpositions of state p to get to
state T or equivalently (n — #(p, 7)) is the number of loops if one contracts the two colour

flow states pictorially as we display in figure



12 2. The Strong Interaction

In practice it is very useful to define a dual basis |p], which forms an orthonormal basis with
the colour flow states such that the following relations hold:

{plr] = [rlp) = 0pr, (2.23)
> lal{al = Lo (2.24)

Here in the first equation the d,; is only equal to 1 if both permutations p and 7 are identical.
The last equation defines the completeness relation in the n! x n! colour flow matrix space,
which is useful to define projectors in the colour flow basis. Note that we will use this colour
flow representation in chapter |7| extensively.



CHAPTER 3

Monte Carlo Simulations and Phenomenology of High Energy Collisions

The task of a Monte Carlo (MC) event generator is to simulate high energy particle collisions
in order to generate fully exclusive events of such collisions. These event generators can be
used by experimentalists to test their unfolding procedures of new measurements and give
us also a theoretical prediction, which can be compared to the existing data. This allows
also to feed-back potential disagreements with data in the context of a data-driven approach
to further the theoretical development of MC event generators. There are three established
general purpose event generators8 available namely Herwig (based on ThePEG ,),
Pythia (3] and Sherpa [4]. Since the work in this thesis was done on Herwig 7.3.0 [44], we
will mostly describe the functioning of Herwig with only a few comments on the other codes.

The ultimate goal of a Monte Carlo (MC) simulation of High Energy Particle (HEP) collisions
is to sample the probability density function P(F|Z), where Z is a given initial state - e.g.
T = {p, p} colliding with /s = 13 TeV - and F is any fully differential final state. This goal
is of course unachievable to perfection, but as we will see in this chapter several assumptions
and approximations will allow us to approximately reach this goal for certain final states F.
The first assumption we already used in section (or pictorially in figure in the case of
hadron-hadron collisions. There we assumed that through collinear factorization we can
factorize a high energy hadron-hadron collision into the convolution of a hard partonic subpro-
cess with the universal process-independent non-perturbative Parton Distribution Functions
(PDFs). Note that this factorization may also break for non-inclusive observables at higher
orders as shown in , but for all further discussion we will assume that it holds.

The simulation of a hadron-hadron collision follows typically the following structure:

1. Parton extraction using the PDFs: The hard partons py, p2 are extracted with momen-
tum fraction /5 from each hadron according to the PDFs” at a factorization scale pp.
The hard partons are then evolved downwards using the DGLAP equation towards an
IR cutoff at which the evolution stops .

8For heavy ion collisions there exists also EPOS or only for pp collision EPOS-LHC \\ but these event
generators are not general purpose. Another event generator Whizard is also available, but relies on
Pythia or Herwig for the parton shower and hadronization.

90f course also the favour of the partons is sampled if it contributes to the chosen hard process.
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2. Hard process generation: Given the hard partons pi, ps the final state of the chosen
hard process is sampled according to its partonic cross section 6, p, (4} at the drawn
COM energy $ = z1x28.

3. Multiple Partonic Interactions (MPIs): For hadron collisions a number of additional
soft and semi-hard QCD interactions is drawn for the same event and their final state
is sampled.

4. Initial and final state shower: All initial and final state hard partons'? are showered
until the parton shower cutoff. In particular, for the initial state shower the partons
emitted during the DGLAP evolution are showered as well if they are at a high enough

scale i

5. Colour Reconnection (CR) and Hadronization: After the parton shower all the partons
are recombined into colourless clusters'’. These clusters will have the chance to rear-
range themselves during the CR according to the chosen CR model. Still heavy clusters
are split into lighter clusters, which are decayed into hadrons.

6. Hadron Decays: Heavy or excited hadrons with small lifetimes will be further decayed
to detector-level observable hadrons and particles.

We will discuss each of these steps in more detail in this chapter. Note however that for e.g.
so-called minimum bias events, where we do not trigger on a hard process as will be discussed
in section the hard process stage is omitted since all processes are treated equal.

3.1 Hard Process

The goal of the hard process sampling is to sample the hard process from equation
with the observable function containing fiducial cuts, which are cuts that remove phase space
regions, which are either inaccessible (or poorly predicted) by the detector or related to the
physical necessity of resolving a final state . We can either generate cross section weighted
hard events H with weight wy or generate unit weight hard events via unweighting weighted
events through e.g. a rejection algorithm. Note here that if we are doing a NLO calculation
with e.g. Catani-Seymour (CS) subtraction the weight can be negative (in the unweighted
case wy = —1). The latter is the preferred option for experimentalists unfolding their analyses
through detector simulations such as GEANT4 , which is computationally very expensive.
In both cases the full integral over the hard final state with fiducial cuts are needed . This
integration is done by e.g. a sophisticated VEGAS algorithm or another integrator before
running the event generation. There are several codes that have specialized on efficient
generation of the corresponding Feynman diagrams and (tree and loop) matrix elements such
as Madgraph OpenLoops [49], GoSam [50], NJet [51], VBFNLO [52H54], Whizard and
many more. In Herwig the Matchbox module can be used with either internal matrix elements
or with tree and one-loop matrix element providers to compute NLO cross sections.

At the end of this step we have generated a (weighted) hard event H with outgoing momenta
alongside with a sampled flavour, helicity and colour flow state, which serves as an initial
condition for the future event generation. This can be used as a FO prediction or - in most
cases - is matched to the parton shower.

"Note that also leptons can develop a EM shower, but we will ignore this for brevity and especially since the
initial state shower e.g. for LEP experiments is already subtracted by the measurements.

11 . . A
Or strings in the case of Pythia.
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3.2 Parton Showers

After the hard process has been generated, the parton shower dresses the partons with ad-
ditional emissions. As we have seen in section the cross section for an extra emission
factorizes in the IR and collinear limit. This factorization can be generalized for any single
final state emission according to to the following, where we choose a generic evolution
variable q:

do (T — {k;} + emissions) =~ 0o(Z — {ki}) Y %didz dpPyi(z, ¢), (3.1)
ie{k;}
2T
Pue) = [ 5oz 0). (32)
Po(z) = Cr 1141,22’ Pyy() = Ci 24 +Z1(;r_(1z)— z)47 53
_ )2
Ppulz) = Cp 2220 Pile) =Tr (2+(1-27%).  (34)

z

Here we defined the universal spin-averaged massless Altarelli-Parisi splitting functions Pj;(z) =
P;_,jk(z) describing the branching of parton i — jk, where the j parton carries momentum
fraction z from the parent parton ¢ and k is chosen such that the QCD vertex exists .
There exist also massive'? and spin-dependent splitting functions.

Now the actual differential probability of a parton i to emit a parton j at evolution scale ¢
can be written down as the following [17]:

dp a. [1Qir/4
2 s
"~ (i = jk) = / dz Pji(z). (3.5)
dg? o Q% /a? J

Here Qi is the IR cutoff of the parton shower evolution, which acts as a definition for
what a resolvable emission means. Furthermore we can write down the so-called Sudakov
equation [17], where we define the Sudakov form factor A; Q2 7] for QCD:

dg?

(@ ) = M@QA ) P

32l P (3.6)

q
The Sudakov form factor Ai(QQ, q2) has a probabilistic interpretation, namely Ai(Q2, q2) is

the probability for a parton ¢ at evolution scale () to not emit any additional partons k above
g. The solution for the Sudakov form factor Ai(QQ, q2) can be written down as the following:

dz Pji(2)

Q% q¢2 1-Qf /t?
% / (3.7)

Ai(Q?, ¢*) = exp / 5o
( ) ¢ t2 27 Q2 /12

Assuming that ay is constant, we get for the non-emission probability of a quark until the
IR cutoff Qi the typical double logarithm structure originating from the soft and collinear
divergences:

2 & ] (3.8)

Qfr

Note that here we assumed the scale separation is large i.e. Q/Qmr > 1. From the full
Sudakov form factor in equation (3.7) one can sample the scale ¢ at which a resolvable

Aq(QQ, Q%R) /S exp [ CF— log

12Which will depend on the evolution variable q.
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emission is generated using the parton shower veto algorithm (see ) After that the z
and ¢ can be sampled from the splitting functions of equation to get the complete
kinematics of the emission. Of course the assumptions we used in equation give only
a very crude estimate and in practice e.g. the running of «; is taken into account using the
so-called CMW scheme [58], which takes into account NLO corrections (for semi-inclusive
deep inelastic scattering i.e. e"p — ¢~ + X and Drell-Yan i.e. pp — ete™ + X) by using a
two-loop running «; - i.e. keeping the 5; # 0 in the equation ) - evaluated at a different
scale discussed in [58].

There are many parton shower approaches and codes available such as the Angular Ordered
(AO) shower of Herwig [59H61], the Dipole Shower (DS) of Herwig [62], the Catani Seymour
(CS) and Alaric shower by Sherpa ,, the DIRE and Vincia shower of Pythia ,
the PanScales shower , the CVolver shower and the Deductor shower .
The default shower of Herwig is the AO shower, which is based on colour coherence, which
implies that all emissions must be ordered in angle, i.e. the largest angle emission is the first
emission. In addition, the angular ordering exhibits the so-called preconfinement property
for ete~ — hadrons processes which will be the basis for the cluster hadronization model as
we will discuss later. The DS of Herwig on the other hand is ordered in pr and emits from
the uniquely colour connected!® dipoles like most of the above mentioned showers. Both of
these showers contain spin-correlations i.e. the full azimuthal dependence on ¢ for the
splitting functions in equation (3.1).

We want to stress again that parton showers yield - in contrast to resummation approaches -
fully differential final states and are useful beyond IRC safe observables. Furthermore some
parton showers satisfy also some NLL accurate resummation properties, e.g. the AO shower
of Herwig , the PanScales shower and the Alaric shower have been proven
to give NLL accurate results for some observables according to the NLL criterion of .

It should be noted that most parton showers are only Leading Colour (LC) accurate!® due to
their assumption of independent evolution i.e. any emission, where a new different colour is
drawn, never runs out of colours since the LC approximation implies never-repeating colours.
Or in other words, the colour structure does not factorize (see appendix A of [46]) for more
than 3 parton amplitudes. The CVolver shower , and the Deductor shower
projects are systematically expanding in 1/N, to collect subleading N, effects, while some
approaches in the existing showers try to capture some of these effects.

3.3 PDFs and DGLAP Evolution

While we discussed the hard process and parton shower, we have not yet described how
hard partons are extracted from the hadrons if we consider a hadron collision. In the master
equation we defined the PDFs fiH1 (x4, ur), but we did not yet consider the initial state
shower in this case. In fact, what happens for an initial state shower is that once the hard
partons with z;/, are extracted at the factorization scale up, the initial state shower needs
to evolve the PDFs backwards towards lower scales ¢ < g and harder partons z /2 > T1/2-
This can be achieved by the so-called DGLAP evolution equation, which essentially can be
derived as a Renormalization Group Equation (RGE) generated by requiring the logarithmic

13 . - o
The uniqueness is a consequence of the large N, limit.

14Strictly speaking true LC would mean to use Cr ~ N./2 (compare equation )7 but in practice this is
never done due to the large impact.



3.3. PDFs and DGLAP Evolution

17
CT14 NNLO CT14 NNLO
w
4
‘\
0.8 0.8 \
\
2(x.Q)/5 \
‘\
%
> 0.6 O 06
o | 8
N —
] ]
o o
Z 04 Z 04
a 4r a .
= o
S S
& v ol
0.2 0.2
0, : : : SN 0, : : : : ‘
0.001 0003 001 0.3 0.1 0.3 1 0.001 0003 001 0.3 0.1 0.3 1

Figure 3.1: The NNLO PDF CT14 set for Q € {2 GeV, 100 GeV} of .

derivative with respect to up of equation (2.16) to be zero on both sides. This yields the
following DGLAP equation - where we replaced urp — @ - according to :

d (fule @) _ %2(7?)2 /1d Pugy (3) Puo (7)) (fu(= @ (3.9)

~q¢¢]j
d fo(z, Q) Pg‘lj (g) ng (g) fo(z, Q)

Note here that the index g¢; ; refers to both quarks and antiquarks. The splitting functions
Pji here are almost the same as in equation (3.3) with the additional so-called sum rules
built-in, which impose quark number conservation and momentum conservation for quarks
and gluons . To LO only quqj () and P,,(2) get an extra term proportional to §(1—z) due
to these sum rules. The DGLAP equation [3.9 can be solved similarly to the Sudakov equation
and in a similar manner to the parton shower can be used to evolve the partons - in this case
backwards - towards lower scales until some IR cutoff scale. The splitting functions JSJI can
be computed to higher orders and in particular for a full N¥LO cross section calculation it is
necessary to match the order k£ of the splitting functions ]%2 to get a consistent result .
The additional emission produced during the DGLAP evolution, which are not connected to
the hard process, will be showered according to the regular parton shower approach discussed
before. This admits the classification of Initial State Radiation (ISR) coming from the IR

and collinear limits of the incoming partons compared to the Final State Radiation (FSR)
coming from the final state partons.

Since the PDFs are intrinsically non-perturbative objects which cannot be derived from first
principle except by NP approaches such as lattice QCD , in practice they have to be
fitted to data (typically Drell-Yan, DIS and di-jet processes). This is done by various PDF
collaborations and the fitted PDF's set can be used by Herwig using the LHAPDF6 interface.
The default PDF set for Herwig is CT14 from the CTEQ collaboration, which we display
in figure for the NNLO PDF set. In the case of very soft processes (and/or high energies)
i.e. z < 1, the gluon PDF will grow very fast as can be seen in figure In these cases
of x < 1075 — 107* DGLAP evolution may not be appropriate any more and one would
need to resum the large logs of log 1/x, which can be done by so-called BFKL evolution in
the context of Regge theory such that the gluon PDF would be tamed in the low
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region . However, since for our comparatively small COM of /s < 14 TeV this is mostly
not the case and DGLAP evolution is sufficient.

3.4 Matching and Merging

Now we have generated the hard process and have a parton shower algorithm at our disposal,
but we still need to combine the two properly. This combination algorithm is called matching
a parton shower to a FO matrix element. It is worth mentioning that for a few well separated
hard jets a FO prediction is sufficient, but problems arise when jets become collinear to each
other or become soft. On the contrary the parton shower gives very good predictions for very
collinear and or soft jets, while hard isolated jets are poorly modelled by a parton shower.

Furthermore, we want to stress that a (LO) FO calculation e.g. for eTe™ — n partons is
considered to be inclusive in the sense that we require the final state to consist of at least
n partons dressed with additional soft and collinear radiation [17]. On the other hand the
parton shower algorithm generates exclusive events i.e. the final state will emit exactly nem
partons additionally to the n partons of the (LO) FO matrix element.

Tree-level matching has been invented by and essentially just corrects the first or hardest
parton shower emission to the true real emission matrix element, which changes only the shape
of differential distributions and leaves the normalization constant. For a NLO calculation,
which has already one real emission, much more care is needed for matching it to a parton
shower due to double counting and getting the correct normalization of the cross section. For
NLO matching there are two approaches called MC@QNLO and POWHEG , which
are both available matching strategies in the Matchbox module of Herwig .

Another difficulty is the simulation of multi-jet final states that are correct to their respective
tree-level matrix element. This is resolved by so-called multi-jet merging, which recombines
different multiplicity final state tree-level matrix elements at the cost of a merging scale
tm, which is the resolution criterion determining whether an emission is generated by the
parton shower or by the corresponding tree-level matrix element. Tree-level merging was
invented in using the CKKW-L method and preserves the logarithmic accuracy of
the parton shower. Furthermore, the Matchbox module of Herwig offers also multi-jet
NLO unitarized merging which is described in [87], which captures up to (N — 1) virtual
contributions for N jet merging.

3.5 Hadronization Model

Hadronization is the transition process from parton to hadron level. This transition is non-
perturbative and therefore not calculable from first principles using perturbative methods.
While in lattice QCD correlation functions can be computed non-perturbatively they
are typically computed in imaginary time and not in a useful form for particle physics simula-
tions. Therefore pragmatic phenomenological models for hadronization have been employed
for MC event generators such as the Lund string model used by Pythia and the cluster
model used by Herwig and Sherpa.

The Lund string model is based on the Cornell potential of QCD , which has the following
form:

Vacp(r) = —CF% + K (3.10)

Here k =~ 1 GeV/fm is the so-called string tension, yielding a constant restoration force
like a string at larger separations. In fact, lattice QCD computations of this potential
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Figure 3.2: A sketch of the different stages of the cluster hadronization model of Herwig.
Here the small light grey blobs are clusters, the black blobs are mesons and the dark grey
blobs are baryons.

showed agreement. The actual string hadronization model starts by spanning a string from
a quark!® to its connected antiquark. If between the quark-antiquark endpoints real gluon
emissions have occurred, e.g. from the parton shower, those gluons are interpreted as kinks on
the string. These formed strings are then'® fragmented using string fragmentation functions,
which essentially start at the end point of a string and split hadrons off the string according
to some kinematic prescriptions.

On the other hand we have the cluster model, which is based on the property of preconfine-
ment , which states that if a gg singlet state has been produced at hard scale Qp its
perturbatively generated emissions form multiple colour singlets in leading colour and the
mass distribution of these singlets is independent of the hard scale Qg and peaks at around
Qo ~ 1 GeV. The assumption that the hadronization mechanism is independent of the hard
scale Qg is called the universality of hadronization (see [92]), i.e. the hadronization should
be independent of the hard processes and only be related to the parton shower cutoff. Note
however that this is only true if the parton shower does emit partons. The Herwig cluster
hadronization model is structured as:

1. Reshuffling to constituent masses: At the end of the parton shower the parton momenta
are reshuffled to be on their respective constituent mass-shells. Note that gluons are

5Note that there can also exist so-called gluon loops if the gluons form a colour singlet.
% Before this step strings can colour reconnect.
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given a non-perturbative constituent mass m, = 0.95 GeV as well, which is dependent
on the shower cutoff QrR.

2. Non-perturbative gluon splitting: The massive gluons are split non-perturbatively to a
qq pair.

3. Cluster formation: Following the leading colour lines the clusters are formed by con-
necting the quark ¢ through the colour line to the corresponding antiquark ¢, where the
momentum of the cluster is just the sum of the two constituents yielding the cluster

C(qq).

4. Colour reconnection: The clusters are allowed to rearrange themselves to a different
singlet cluster set according to an algorithm, which we discuss in detail in section

5. Cluster fission: Heavy clusters are split recursively to lighter clusters in order to avoid
clusters decaying to high momentum hadrons.

6. Cluster decay: Last but not least all clusters are decayed to hadrons.

We display these steps pictorially in figure and we will discuss the details of some of these
stages more in detail in the next sections.

3.5.1 Non-Perturbative Gluon Splitting and Primordial Cluster Formation

After the parton shower has ended, we are left with n, (ng) (anti)quarks and n, gluons, which
are on their current mass shells. As mentioned before these partons have to be reshuffled to
their constituent masses, which for the light quarks u, d are m,, ;g = 0.325 GeV~ Aqcp. The
non-perturbative constituent mass for the gluon my is in the default Herwig model a constant
but tunable parameter correlated strongly with the parton shower cutoff.

Once all partons are on their constituent mass shell, the gluons are isotropically decayed to a
qq pair, where the flavour of the quark is drawn using tunable weights SplitPwt(¢) and only
light quarks'” (u, d or s) can be drawn. Note that there have been developments to allow for
a dynamic gluon constituent mass distribution according to the integrated splitting function
in . Also anisotropic (biased towards the original gluon direction) decay of the quarks has
been explored in , but these changes are not yet in the latest version of Herwig.

After the gluon splitting we are left with only (anti)quarks and potentially (anti)diquarks,
which all have a colour connected partner in order to from a colour singlet. These preconfined
pairings we call primordial clusters whose momentum is just the sum of the constituents. Note
that we still keep track of the constituent momenta as they will give us a preferred direction
since these clusters are composite objects. After these clusters are formed, they are given
the chance to rearrange themselves during the so-called colour reconnection stage, which is
discussed in more detail in After colour reconnection we also have the chance of having
generated a (anti)baryonic cluster with three (anti)quarks, but these clusters are subsequently
reduced to a diquark-quark pair for easier handling.

3.5.2 Cluster Fission

After the colour reconnection we have a set of clusters C'(p1, p2) consisting of either a quark
and antiquark or a (anti)quark and (anti)diquark, which are all on their respective constituent
mass shells. The cluster fission model of Herwig 7.3.0 is described in and fissions clusters
recursively if their mass Mo = \/(p1 + p2)? is above some probabilistic cutoff, but for this

"sherpa’s cluster model allows for diquarks to be drawn at this stage , while in Herwig this is not allowed.
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Figure 3.3: Sketch of current cluster fission model of Herwig with aligned splitting of the
cluster.

thesis we will limit ourselves to the previous model of Herwig 7.2.X with a static cutoff
described in |2] as it facilitates the interpretation of our findings.

According to this model all clusters C(qi, @2) of mass M¢ are forcibly and recursively fissioned
if the following condition is satisfied:

1
M > [ClmaxC‘Ww + (my + m2)C‘p°W] Clpow (3.11)

Here m, s, are the constituent masses of the ¢; and g2 respectively. Currently all clusters are
fissioned into two clusters such as C(q1, ¢2) = Ci(q1, ), Ca2(q, G2), by drawing a gg-pair from
the vacuum, where the flavour is chosen according to some probability weight Pwt(q), where
q € {u, d, s}. The kinematics of the daughter clusters sketched in figure are modelled
according to the following algorithm based on the principle of Local Parton Hadron Duality
(LPHD) first introduced in [96]:

1. Draw the daughter cluster masses M, M from a power law distribution (M 1M2)PSplit_1.
2. Boost the cluster from the lab frame (LAB) into its rest frame (COM).

3. Compute the two-body decay for C — C, Cs to get the magnitude of the momentum.
Set the direction of C, C5 collinear to the original constituents qi, ¢o.

4. Boost the cluster C into its rest frame (COMLI).

5. Compute the two-body decay for C'y — q1, ¢ to get the magnitude of the momentum.
Set the direction of the constituents q1, ¢ of C'1 collinear to the original constituents ¢
and boost back from COM1 to COM.

6. Boost the cluster Cy into its rest frame (COM2).

7. Compute the two-body decay for Co — ¢, G2 to get the magnitude of the momentum.
Set the direction of the constituents ¢, ga of C» collinear to the original constituents g»
and boost back from COM2 to COM.

8. Boost all from COM to LAB.

Note that the phenomenological parameters Clpax, Clpow and PSplit are each a set of three
parameters depending on whether the original cluster consists of only {u, d, s} constituents
or at least one ¢ or b as constituents. In the case that one of the drawn cluster masses
M; < Myup(qi, q), where Mrup(g;, q) is the summed mass of the lightest hadron pair to be
produced from a cluster C(g;, q), a single hadron h(g;, ¢) is chosen instead i.e. the cluster
undergoes the semi-hadronic process C' — h(gi, q), C'(¢;, ) with the fixed hadron mass
M; = My If by doing so the drawn hadron mass violates the condition M¢r + My, < M,

the other daughter cluster is as well set to a chosen single hadron mass'®.

81f the condition is still violated, then the algorithm draws new masses and flavours.



22 3. Monte Carlo Simulations and Phenomenology of High Energy Collisions

~ LAB
~LAB

Proost Ppoost
-

> Ci)}» C ) \"’ COM
ot o @ 7,

Pg,

ﬁBC’ OM

Figure 3.4: Sketch of current cluster decay model of Herwig for an exemplary decay of a
mesonic cluster into a baryon-antibaryon pair.

In the special case of a beam cluster - i.e. a cluster consisting of a remnant (diquark) and
its colour connected quark of a hadronic collision - the algorithm proceeds in the same way
but the mass of the daughter cluster containing the remnant diquark is generated via the
following:

MBeam = Mdiquark + mg + AM. (312)

Here AM is a random variable sampled according to AM ~ AMe "M with b = 1 GeV
being a tunable parameter . This will yield light - and therefore fast - remnant clusters,
which go in the beam direction and thus do not contribute significantly to the central region,
which is often of interest.

3.5.3 Cluster Decay

Now all clusters are light enough to be decayed into hadrons. Since we assume these clusters to
be highly excited resonances, the decay kinematics are closely modelled according to resonance
decay [90]. In Herwig all clusters that have a large mass (M¢ > Myup(q1, ¢@2)) are decayed
to two hadrons hi(q1, @), ha(g, g2). If the cluster is too light for such a decay the cluster
reshuffles momentum with a neighbouring cluster in order to decay to a single hadron. For
choosing the hadrons, one of the possible hadron combinations is drawn based on the Kupco
model [97]. The total weight w(hi, hg) for a hadron pair is given by the following:

w [h1(q1, @), ho(q, @2)] = Pwt(q) wp,sn, whysh, p* (Mo, ma,, mp,), (3.13)
. ) MME, m%l, mfm) 511)
p*(Mc, mp,, mp,) = - -
12 Mha 20

Here A(22, 32, 22) = (22 — (y—2)}) (2% — (y + 2)?) is the Kéllén function, Pwt(q) is the weight
for choosing a (di)quark-anti(di)quark pair ¢q, wp = Wmixn(2J, + 1) is an individual hadron
weight with the mixing weight for neutral mesons wp,ix 1 [2] and sp, are individual suppression
factors to adjust meson multiplet and baryon singlet and/or decuplet production. Note that
the (2J5 + 1) factor comes from the sum over final spin states.

Before drawing the hadron pair for a given a mesonic cluster it is decided with a probability'®
PwtDI

© 1+ PwtDI
sketched in figure After that the flavour weights Pwt(q) are defined as follows:

if a diquark is draw i.e. if the cluster decays into a baryon-antibaryon pair as

Pwt, for ¢ quark

Pwt(q) = (1 05,0

. 3.15
2’ ) PwtDI x Pwt,, x Pwt,, for ¢ = (qi, ¢2)s diquark (8.15)

90f course only if this is kinematically possible.
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Here Pwt, are individual quark weights, PwtDI is a global diquark weight and the prefactor
for diquarks comes from the different treatment of spin 0 or 1 diquarks. Then the hadron
pair is drawn according to this probability:

w[hi(q1, 4), hj(q, )]
Zn,m,q’ w [hn((h? ql)’ hm(q/v 672)] '

Plhi(q1, @), hj(q, @)|C(a1, )] = (3.16)

Note that the sum over ¢’ runs either over all light?® quarks or light diquarks®'. The sum
over n, m runs over all possible hadrons, where there can be multiple hadrons per fixed ¢'.

After a hadron pair has been chosen we need to sample the direction of the two-body decay.
For clusters whose constituents have been produced during the NP gluon splitting or cluster
fission stage an isotropic direction in 3D space is sampled. If the cluster originates from
the hard process or the parton shower the decay angle cos GSCH%;{ is smeared with respect
to the original direction of the constituents in the COM frame according to the following

distribution:

QCOM -1
f(cos SOMy — ClISmr x exp (%) (3.17)
cos 0SOM — 1 + ClISmr x log¢. (3.18)

Here § ~ U, 1) is uniformly distributed in [0, 1]. The azimuthal angle for the cluster decay
is in all cases drawn isotropically. After this stage all clusters have been transitioned into
hadrons and the hadronization is completed.

3.6 Hadronic Decays

Even though we are now left with only hadrons, some of these hadrons are highly excited and
therefore have very short lifetimes. These hadrons need to be decayed further into so-called
detector-stable particles with lifetimes larger than O(30 ps) [17]. This is done in Herwig via
the hadronic decay models of , which also decay other unstable particles such as the 7
lepton. The precise lifetime cut can be imposed in Herwig, which is necessary for comparing
simulation and data unfolded to the proper lifetime cuts.

Various different hadronic matrix elements are contained in the decay model of Herwig to
decay excited hadrons with complete spin correlations . In Herwig 7.3.0 a Heavy
Quark Effective field Theory (HQET) decayer [103] is also implemented to decay heavy quark
containing hadrons.

Even though Herwig has its own decay model for some ¢, b containing mesons, many exper-
iments prefer to use EvtGen , which is the reason why it is the default for Herwig even
though it is based on the Pythia string model. In Herwig 7.3.0 a new Particle Data Group
(PDG) update on all masses, widths and decay channels has been done.

3.7 Minimum Bias and Diffraction

In this section we want to briefly discuss the concept of so-called Minimum Bias (MB) mea-
surements. As the name suggests these MB measurements consist in triggering with as little
bias as possible, i.e. essentially every inelastic pp collision is recorded . Typically such
events are selected by very inclusive cuts e.g. at least 1 charged particle N, > 1 with pr > 100
MeV. MB analyses measure often very inclusive quantities such as charged multiplicity Ng,

2'No quark heavier than the s quark.
21Only the lowest possible spin state for the diquarks is allowed.
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Figure 3.5: Sketch of the diffraction model of Herwig for a pp collision. We display single
diffraction on the left and double diffraction on the right side. Note that double lines represent
diquarks.

(pseudo)rapidity y(n), transverse momentum pp distributions (sometimes also for identified
particles) and are useful for comparing the data to the soft QCD models of MPIs and Colour
Reconnection (CR). Even though in most non MB measurements MPIs and CR are consid-
ered background and are attempted to be removed by imposing stringent cuts, these features
of soft QCD still contribute to the final state. This contamination of soft (or semi-hard)
QCD effects, which is not connected to the hard process of interest is called Underlying Event
(UE). For jet measurements, e.g. there is the so-called jet pedestal effect that states that a
hard jet in a high energy pp collision ”sits” on top of a pedestal of UE activity [17]. Since jets
are therefore contaminated with soft QCD effects it is important to model these aspects well.
Therefore MB measurements are useful to test these models and in fact the free parameters of
these models are tuned to such measurements. However, since in MB measurements so-called
diffraction plays a big role (see e.g. the so-called "bump” problem ), we will discuss
what exactly is diffraction and how it is modelled in the following.

Diffractive events can be classified into three categories, namely Single-Diffractive (SD),
Double-Diffractive (DD) and Central Exclusive Production (CEP). All of these are medi-
ated by the t—channel exchange of the so-called pomeron P, which is a pseudo particle with
the quantum numbers of the vacuum and dominates the cross section in the large COM
energy limit s > |t| according to the Pomeranchuk theorem . SD events are pp — pX
collision events where one of the protons remains intact and transfers momentum to the other
proton which becomes a highly excited state of mass Mx and dissociates resulting in particle
production. Similarly, DD events are pp — X, Y, where both protons become highly excited
states of mass Mx and My respectively. CEP production on the other hand is a pp — pXp
event where both protons survive, but a highly excited state X of mass My is produced in
the central region of the detector. All diffractive events lead to a so-called large rapidity gap
Anpg i.e. the largest rapidity region in which no particles are detected. This signature comes
firstly from the ¢-channel like pomeron exchange and from the fact that since the pomeron is a
colour singlet, i.e. no colour exchange happens and therefore no colour connection is spanned
between the final states. Therefore, diffractive events - with the exception of CEP - can be
cut away relatively easily by a maximum rapidity cut.
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Both SD and DD are modelled in Herwig by the following differential cross section in the
approximation of large energy and small momentum transfer s > M)ng > |t | \

Posp (s e exp |t ( By + 20/ log — (3.19)
aMzZat -\ Mz PP SMZ) | ‘
Bopp ( s >ap(0) ( 50 )ap(o) [ ( ) 550
x — exp |t {b+2a'log —— | | - (3.20)
dMZdMZdt - \MZ MZ MZME

Here ap(0) is the pomeron intercept, o/ is the pomeron slope parameter, By ~ 10.1 GeV~2
is the proton-pomeron slope, b = 0.1 is a constant shift and sq is fixed according to the total
normalization of the diffractive cross section. The pomeron intercept ap(0) and the slope
parameter o/ are connected to the pomeron’s Regge trajectory ap(t) = ap(0) + ot. Note
that the absolute and relative normalizations for the aforementioned cross sections are not
fixed and are set approximately to the measured values of the ALICE experiment [111]. It is
assumed that around 20—25 % of the total MB event rate are diffractive events. In practice in
Herwig for sampling a SD or DD event the Mx, My and t are sampled according to equations
or and then the excited states are modelled as a cluster whose constituents are
collinear to the direction of the excited state as displayed in figure This cluster is handed
over to the hadronization model and will in general fission to lighter clusters before decaying
to hadrons.

3.8 Multiple Partonic Interactions

The total pp cross section J;Zt in the limit s — oo has been found to have the following form

according to Regge theory, which is called the DL parameterization |[112H115]:

o0~ (5) = ol (GSVQ) to (GSVQ)". (3.21)

Here J’P’,p = 21.7 mb, a’ff = 56.08 mb, ¢ = 0.0808 and n = —0.4525 are parameters fitted
to experimental data . Note that the first term in equation is related to the
pomeron intercept via € < ap(0) — 1. The Pomeranchuk theorem states that the pomeron
has the quantum numbers of the vacuum and dominates the cross section for large energies
and therefore it cannot distinguish p and p i.e. of = Jf;p = O_zl;p . The second term in
is related to the subleading reggeon R, which does not have this property and will
have different values for apRp , O'R and 0 . Note that the DL parameterization and the fitted
value did not require any perturbative QCD expansion and is only reliant on the analytic

properties of the S matrix in the context of Regge theory.

We can now compare the experimental result atgt( ) with the dominant perturbative QCD
cross section of di-jet production opp—2;(P7, min) With a lower cutoff pr min on the pr of the
jet to regulate the IR divergence. It is found that already for pr, min S 2 GeV for /s =1 TeV
unitarity is violated since opp—2;(PT, min) > omt E This can be resolved by assuming
that in one pp collision Multiple Partonic Interactlons (MPIs) happen. These MPIs can be
parametrized by the average number of partonic collisions per pp collision (Neol(PT, min)) in

the following manner:

) N Upp—>2j(pT min)
(Neol (P, min)) = m- (3.22)
Note that a’nel(pT min) < U]t);’,t is the total inelastic hadronic cross section with a cut pr >

DT, min- Lhis unitarizes the perturbative QCD (pQCD) cross section, where all MPIs are
assumed to be sampled from the di-jet cross section opp,_2; (p7,min). Note that the actual
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kinematics and in particular also the colour structure of the MPIs depend on the implemen-
tation details of the specific MPI model.

In Herwig a more sophisticated two component so-called eikonal model®? is used for the MPI
modelling [117]. Such eikonal models are based on the fact that the elastic amplitude Ag(s, ¢)
can be written as the following Fourier transformation from impact parameter space b in

the high energy limit :
Aa(s,qr) = 4s/d2blael(s, bL)eiqrbL, (3.23)
del(s, b1) = % [e*%x(&bﬂ ~1]. (3.24)
Note that here we assumed implicitly the Regge limit of s > |t| in the sense that ¢ ~ —qi,

where q is the transverse momentum of the momentum transfer ¢ = p; — ps. Here x(s, by)

is the so-called eikonal function or opacity and ensures that the total cross section is unitary
through the optical theorem 118] as can be seen by the following relations:

2
Tpp = 4 / &b, Jaa(s, b1 )[* = / d?b, [1 - BB, (3.25)
1
= 1 s t=0)) =2 [ @by [1- b (3.26)
Ty = Ttot — Oel = /deL [1 - G*X(s’bl)} : (3.27)

Here we defined the elastic O';;, the inelastic azif;,e and the total cross section O’;;t. In Herwig
this eikonal function x(s, b1) = Xsoft(S, 1) + Xnard(s, b1 ) consists of a soft component
Xsoft (S, b1) and a hard component Xhard(s, b1). For both of these components the impact
parameter dependent PDFs Fj(z;, @, b, ) are assumed to factorize into Fj(z;, Q, b,) =
fi(zi, Q) x G(b1), which allows the definition of a matter overlap function A(b ) in the
following way:

A= i) = [ @16 (b)) G (b~ b)) (3.28)

Now we need to make a choice for G(b_ ) for which we choose the electromagnetic form factor

according to [118H120] given as:

ko eibL'kL
600) = [ G wt (3:29)

Here p is the inverse effective radius of the proton, which in this model is a free parameter
that needs to be tuned. The overlap function for a pp collision can therefore be computed

analytically to be the following [118H120]:

2
A(b, ) = 34— (1b)* Ky (1ab). (3.30)

Here K, (z) is the v-th order modified Bessel function of the second kind. Note that A(b, p)
is properly normalized to unity. Now the soft and hard components of the MPI model can
be expressed in the following form:

Xsoft(sa b) = A(b, ,usoft) O-SOft(S)y (331)
Xhard(sa b) = A(ba ,U') Uhard(sa pT,min)' (332)

*2More sophisticated compared to the simple dijet MPI model discussed before.
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Here we choose ohard (S, PT,min) = Opp—2;(S, DT, min), Which can be computed perturbatively
to LO and o (s) is chosen such that the total cross section condition is fulfilled and
therefore ogoft(s) = Osoft (S, P, min) depends on the soft cutoff. Note furthermore that for the
soft MPIs we choose a different inverse proton radius s since the soft scatterings need not
necessarily see the same matter distribution as the hard MPIs.

The eikonal functions Xsoft(S, b) = (nsoft(s, b)) and Xnard(S, b) = (Mhara(s, b)) can be inter-
preted as the average number of soft (ng.g (s, b)) and hard scatterings (nparq(s, b)). If we now
assume that the soft and hard MPIs are completely uncorrelated for fixed b; and the number
of additional soft and hard scatterings is distributed according to Poissonian statistic, we can
write down the cross section oy, n,(s) for exactly nj, hard and n, soft MPIs as follows [2]:

Taponn(9) = [ AbiPlunis, bIP (s, b) (3.33)
Nh
P(np;s, b) = We—xmrd(&b% (3.34)
ht
'P(ns; s, b) = M67Xsoft(svb)' (335)
Ng!

With the above expressions we can derive an expression for the total inelastic cross section
i.e. with at least one soft or hard scattering as the following:

o (8) = D Onn(s) = / d’b, [1—6‘“5’“) . (3.36)

np+ns>1

This yields the following probability P(ns, ny;s) for a non-diffractive MB event of having n
soft and nj;, hard MPIs:

Onp, ns (S)

730

P(ns, np;s) = for ng +ny > 1. (3.37)

The above matrix in ngs and ny, is computed once before every run of the simulation and then
ny, ns are drawn from this distribution.

In the case of an actual triggering hard process with cross section opp(s) < ngl,e the above
probability must be adapted to the following:

- fdelP(m; s, b)P(ns; s, b)A(b)aHp(s)e_A(b)UHP(s)

P(ng, np =1+ m;s) = , 3.38
(may 1 = 1+ m3 8) [ b, A(b)onp(s) (3.38)
~ /deLP(m;s, b)P(ns; s, b)A(b), (3.39)
— /dzbJ_P(nh; s, b)P(ns; s, b). (3.40)

Ohard

Note that here we approximated the exponential as unity since the assumption is opp(s) <
o,y and the last equality was obtained by absorbing A(b) in the Poissonian distribution for
the hard scatterings.

The actual kinematics of the hard MPIs are determined by the perturbative di-jet matrix
element and sampled accordingly. For the soft MPIs however no first principle kinematics are
known and need to be imposed. In the current model the kinematics for the soft scatterings
are sampled according to the multi-peripheral model based on shown in figure as
a gluon ladder diagram with one valence quark and antiquark. In this framework a soft N
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Figure 3.6: A sketch of the soft MPI type interaction (right), which is based on the idea of a
cut pomeron (left). Here the grey blobs in the final state are the primordial clusters.

particle final state is generated, where N is sampled from a Poissonian distribution with the
following mean:

Pri1 +p7‘2>2:| ) (341>

<N> = NJadder 10g |:< 2

rem
Here njaqder is a free parameter of O(1), myen is the constituent mass of the remnants and
pri are the initial state (i.e. just before this soft MPI has happened) remnant momenta.
After that according to the multi-peripheral model the outgoing partons should be roughly
equally distributed in rapidity and more uncorrelated the bigger their distance in the ladder.
After that one random final state parton gets a transverse momentum pr sampled from the
dais;ft o o= BB i)
b
by the following two conditions:

distribution , where the normalization and the parameter § are fixed

2
| pT, min do‘ £
Jsoft(sa b, min) = / dp% d S(Q) & (Sa br, min)y (3'42)
0 Pr
dosoft ! donard
dp2 = dp2 (343)
T PT=PT, min T PT=PT, min

The other partons pr’s are sampled uniformly below the first sampled pr. Note that for
technical reasons in Herwig for a MB event the protons are split into a quark and a remnant
diquark particle from which the remaining MPIs are drawn. Note furthermore that the colour
flow of multiple MPIs is in general not unique and therefore a choice for the colour flow has to
be made. Currently the colour structure is chosen such that e.g. for a hard MPI the DGLAP
backwards evolution is forced to terminate on a gluon, which makes the colour structure
unique to LC. For the soft MPIs this is done by drawing a ¢¢ valence quark pair with gluons
in between in order to lead to a well defined (leading) colour structure as shown in figure[3.6|
However, these choices are not very physically motivated as the colour structures of the MPIs
cannot be determined from first principle. This is one of the reasons why so-called Colour
Reconnection (CR) is needed to be able to restore the correct colour structure, which we will
discuss in the next section.

3.9 Colour Reconnection

As already sketched before, the so-called Colour Reconnection (CR) is a crucial part for
mostly hadronic collisions, but depending on the observable it can also impact high energy
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Figure 3.7: The primordial cluster mass (left) and momentum (right) distributions, where
ro = 2|pc|/V/s for ete™ — qq at /s = My with and without CR.

(and therefore high multiplicity) eTe™ collisions. One task of CR is an attempt to capture
some subleading colour effects, which have been missed since the parton shower is LC only.
However, by far the largest task for CR is to colour correlate the different MPIs and allow them
to exchange colour with each other in a meaningful way. Therefore colour reconnection plays
a much bigger role for high multiplicity hadronic collisions compared to leptonic collisions.
In principle a lot of MB observables are strongly depending on CR e.g. observables related
to multiplicity (see left plot of figure , pr and 7 distributions, but a prime example of
CR is the (pr)(Ncn) observable. As we can see in figure 3.8 on the right side in the absence
of CR the (pr)(Nc) observable is almost flat. This is due to the fact that the different
MPIs form clusters, which hadronize completely independently of each other if CR does not
reconnect them. Therefore the more MPIs are happening (strongly correlated to Ng,) the
(pr) changes only if the MPIs are interacting amongst themselves in some way. The fact that
the observable increases can be explained by the fact that the singlet clusters might have
close-by singlet clusters which would reduce the invariant mass of the clusters and release the
available energy in the form of higher momentum.

As mentioned before, CR in Herwig is performed just after the primordial cluster formation.
Even though the primordial mass distribution of clusters is peaked at a low energy scale
related to the parton shower cutoff, the distribution does have a large power tail of high mass
clusters. Typically CR tries to reduce the mass of these high mass clusters by exchanging
constituents with close-by clusters in phase space. This effectively results a cluster mass
spectrum with lighter but faster clusters as can be seen in figure Note that the effect in
figure is quite small as expected for eTe™ collisions at /s = My, but is non-zero even
without any MPIs. In principle the CR should restore here some subleading colour effects
that would not have been captured by the leading colour parton shower. In Herwig currently
there are four different CR algorithms available Plain, Statistical [122], Baryonic
and BaryonicMesonic [124]. We will now discuss the first three in a bit more detail since
they have been longer available than the fourth. Also noteworthy is the so-called space-time
CR algorithm ,, which is determining closeness in not only in momentum space, but
also considers relevant time scales to propose only causally allowed CR configurations.
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Figure 3.8: A minimum bias measurement of pp collisions at LHC with CR turned on and
off [127] (public Rivet analysis ATLAS_2010_88918562). This and almost all future histogram
have been produced by Rivet [128].

3.9.1 Plain Colour Reconnection

The Plain CR algorithm is the simplest algorithm to obtain a reasonable description of e.g.
the (p7)(Ne). This algorithm starts by selecting the first cluster Cy(gs, @s) from all clusters?
and goes through all remaining clusters C;(q;, ¢;) and searches for the cluster with the minimal
distance measure Ay (Cs, C;) defined as follows:

Xsi(Cs, Ci) = /(4 + @)% + V(g5 + @)2 (3.44)

Here g;/5, Gi/s are the constituent four-momenta. After that the cluster Cs and Cj+, where i* =
argmin,;{\s; }, are reconnected to the clusters Cy(¢;+, ¢s) and Ca(gs, Gi+) with a probability
of Pys, which is a tunable free parameter of the model. Then the next cluster on the list is
selected and the algorithm repeats until every cluster on the list has been given the possibility
to reconnect. Note that beam clusters are forbidden to reconnect to each other. Furthermore
so-called octet clusters - i.e. clusters which originate from an octet gluon - are not allowed to
form via CR. Note that here mesonic type clusters are reconnected only to mesonic clusters
and no baryonic clusters are produced.

3.9.2 Statistical Colour Reconnection

The Statistical CR algorithm [122] is based on the minimization of the following global
distance measure:

Ny

Ag = Z(QZ + @7(1’))2‘ (345)

i=1
Here o € S(Ny) is a permutation. In practice we want to minimize A\, over all Ng! permu-
tations, which is computationally too costly. For this reason the simulated annealing
algorithm is applied for finding the (hopefully global) minimum. This algorithm proposes
a random transposition® 7, € S(Ng) of the original state o - i.e. the reconnection of two
clusters - and accepts the reconnection with the following probability:

Prce(7) = min {1, exp (— ATT_A"> } . (3.46)

Z3Where the list of all clusters has been shuffled to avoid a systematic bias.
24 - .
An exchange of two indices of a permutation.
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Figure 3.9: A sketch of mesonic CR (left) and baryonic CR (right).

Here T is a control parameter, which can be interpreted as a temperature of a statistical
system. So if we reduce the distance measure the reconnection is always accepted, but if
we do not reduce the distance then we are allowed to fluctuate outside of a potential local
minima. The parameter T is at each step gradually reduced by a factor f (tunable parameter)
- i.e. "cooled down” until some lower cutoff - where the algorithm terminates hopefully finding
the global minimum. The starting temperature T, is chosen by doing 10 transpositions and
taking the median of the distance measure as Tyt = 10, where T is a tunable parameter.
Now even though Ty and f are free parameters, they are only technical parameters for finding
the minimum. So this model does not really have any free modelling parameters, but only the
phenomenological choice of the distance measure \,, which represents the physical input of
what the CR should do. Nonetheless since these technical parameters are tuned to data they
might capture some physics e.g. maybe the algorithm does terminate early because either the
underlying physics does not want to find the global minimum or the distance measure is not
representing the underlying physics very well. Note furthermore that here also only non-octet
mesonic clusters are allowed to form and no baryonic clusters are generated.

3.9.3 Baryonic Colour Reconnection

The Baryonic CR algorithm [123] is the currently the default and most sophisticated algo-
rithm. Since during the primordial cluster formation in the event generation we are only?”
left with quarks and antiquarks as constituents, no baryonic clusters have formed yet. How-
ever, with this algorithm baryonic clusters can be formed alongside also reconnecting mesonic
clusters. This algorithm is based on rapidity in the cluster rest frame as it is motivated by
the soft gluon evolution picture . All clusters are shuffled to avoid any systematic bias and
then the first one C4(qa, ga) is boosted into its rest frame. The antiquark of this mesonic
cluster determines the positive rapidity axis Z as shown in figure The next cluster on the
list Cr(gB, gB) is boosted into the first cluster’s rest frame and the rapidity of its quark y,
and antiquark yg is calculated with respect to the £ axis e.g. for the quark:
1 [Eq +2-q }

=1 .
R AR

. (3.47)

Now these rapidities y, and y; now fall into one of these three categories:

e Mesonic: For y, > 0 and y; < 0 the quark of the second cluster alignes to the antiquark
of the original cluster and vice-versa for the antiquark of the second cluster (see the left

sketch of figure 3.9).

e Baryonic: For y, < 0 and y; > 0 the quark of the second cluster alignes to the quark of
the original cluster and vice-versa for the antiquark of the second cluster (see the right

sketch of figure 3.9).

2>With the exception of the remnant diquarks of hadronic collisions.
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e None: For all other rapidities the clusters do not align properly.

We keep track of these configurations (except the trivial "none” configuration) alongside with
the measure of closeness Ysum = |yq| + |yg/, which the algorithm tries to maximize. Now we
go through all of the remaining clusters and the one who gives the maximal ygm,m will be
attempted to reconnect. In the case the maximal ygum, is a Mesonic CR (MCR) topology
(see the left sketch of figure the proposed reconnection is accepted with a probability
Pyicr, which is a free tunable parameter of the model. If the maximal ysum, is a Baryonic
CR (BCR) topology (see the right sketch of figure the two mesonic clusters are proposed
alongside with the next to maximal cluster (in terms of ysum) of baryonic type for a baryonic
reconnection. This configuration is accepted with a probability Pgcr, which is a free tunable
parameter of the model. After that all the participating reconnected clusters are removed
from the list of clusters and the next cluster on the list is picked and the algorithm repeats.

We now have a mechanism to produce one baryonic and one antibaryonic cluster from three
mesonic clusters. Now for this mechanism to produce baryons efficiently a lot of clusters are
needed, but interestingly they do not need to be very massive to begin with in order to have
sufficient mass left to be able to decay into two hadrons later on. After the algorithm has
terminated, the baryonic type clusters are reduced to diquark-quark clusters to simplify the
treatment during cluster fission and cluster decay later on. Note that the tuned parameters of
this model Pyicr and Pgcr have a fixed value and ignore the kinematics of the participating
clusters. This has been addressed theoretically in the context of soft gluon evolution in [8] to
give a dynamic probability depending on the invariant masses of all constituents pairs, which
we will develop and transform into a full CR model in chapter



CHAPTER 4

Phenomenological Studies

The ultimate quest of theoretical particle physics is to explain and in the best case predict the
outcome of experimental measurements. This means in practice developing testable models
based on existing theoretical knowledge and data, which have the potential to predict future
measurements. Such models we call predictive models and typically have as few as possible
free parameters that need to be determined from (or fitted to) experimental measurements.

In practice however this is very difficult especially for non-perturbative effects, where phe-
nomenological or descriptive models are used, which are defined as models that are able to
describe the existing data, but do not necessarily claim to be able to predict new unseen data.
These models are still mostly based on reasonable theoretical foundations, but often suffer
from a large number of free parameters that have to be determined from fitting to data.

The aim of this chapter is to show and pinpoint some shortcomings of the current hadroniza-
tion and CR model of Herwig. In this thesis we propose some attempted solutions for these
shortcomings and at the same time either reduce the number of free parameters or keep them
the same. These more predictive alternatives for the hadronization are discussed in chapter
and for the CR in chapter [7. However, we do not want to claim that these results are the
final models since some crucial parts are still missing in order to capture the whole picture
as we will discuss in the respective chapters.

Still, in the quest for a more predictive answer to hadronization and CR we assume the strong
coupling in the following to be fixed to the PDG world average®® a,(Mz) = 0.1185
for the ISR and FSR instead of tuning both separately to different values. Therefore our
results for the default Herwig 7.3.0 runs will differ from other sources e.g. the official Herwig
website. Note that for all of the plots of LHC MB simulations we employ a maximum lifetime
cut of e > 10 mm (i.e. particles with longer average lifetimes are considered stable) as this
is used by the ATLAS, ALICE and CMS LHC experiments. For the ete™ simulations for the
BELLE, ARGUS and various LEP experiments we turn off the ISR photons since the data
has been corrected for ISR effects.

Since we are studying hadronization and CR in terms of matrix elements we are considering
only LO matrix elements with matrix element corrections for eTe™ collisions || unless

26his is not the most recent value for as, but still close enough for our purposes.
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otherwise stated. Similarly, for pp collisions the MPIs are all calculated to LO. Therefore the
normalization of the (partonic) cross section computation will be a LO result, which should
be kept in mind for all plots where the cross section is relevant.

4.1 Baryonic Angular Correlations at LHC

Correlations of hadrons have been gathering a lot of attention in the context of long ranged
collectivity effects of high multiplicity events measured by ALICE, ATLAS and CMS [131H134]
for pp MB events. The observed so-called ridge structure has been claimed to be a sign
of the formation of a Quark Gluon Plasma (QGP). In this context also measurements for
eTe™ collisions of hadron correlations have been done by e.g. ALEPH at LEP and by
BELLE at KEKB, which did not find any significant ridge yields.

However, also the near side correlations are a very valuable observable especially for hadroniza-
tion and CR modelling. Such short range hadron correlations have been measured by
BELLE |- | inclusively in ﬂavour and by ALICE for identified hadrons 7t K%, p and
Ag in |-| for Ag and K2 in and for 7, K*, p, 29 and T in Unfortunately
only the analysis has a public Rivet analy51s available, Wthh is the reason why
we will mostly focus on this analysis in this section.

However, let us briefly discuss the method with which the measurement of was made.
If we look at the ¢ — n plane one can define correlations Cy;, between two hadrons of type a
and b respectively as a function of A¢;; = ¢; — ¢; and An;; = 1; — n;. These are measured
e.g. in experimentally by using so-called event-mixing techniques and can be expressed
as the following;:

Sab(An, Ag)
Bab(AU7 A¢) '

Here the signal correlation Sg,(An, Ag) is computed for all particles in the same event, while
the background correlation Bg,(An, A¢) is determined by computing the correlation between
each particle from the event and each particle from a different so-called mixing event, which

yields the following [137]:

Cab(An7 A¢) = (41)

1 d®NSs
San(An, M) = — o tho (4.2)
NZ8 dAn dA¢
1 d2Nmix
Bab(Ana A¢) = Nmix dA’I] ébA(ﬁ’ (43)
d2 51g
1A A Z Do D (A~ Apd(Ady — Ag), (4.4)
n dA¢
ze{ha}EJE{hb}E
d? Nmix
dAy dAG — 3 ZZ S S S(Any - An)s(Ady — Ag).  (45)
z‘E{ha}EJG{hb}M

Here the factor of 1/2 is due to double counting and {h, }r and {h, }a are the sets of hadrons of
type a from the event E and the mixing event M respectively. The mixing events are selected
randomly from a stack of mixing events with a similar multiplicity to avoid a systematic bias.
For the analysis in the mixing events M can only differ by at most 5 particles in terms
of multiplicity compared to the original event E and the events are mixed with 10 different
mixing events.

In ridge measurements the obtained correlation C'(An, A¢) is typically integrated in a region
a < |An| < b with large a and b to avoid the jet correlations region, but since we are more
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Figure 4.1: The azimuthal correlations of different baryon-antibaryon and baryon-baryon
combinations comparing the default with only BCR baryons and only CD baryons for LHC
MB runs at 7 TeV measured by ALICE [137] (public Rivet analysis ALICE_2016_I1507157).

interested in hadronization and CR, also within a jet, we are looking at the short range
correlations where a = 0 and b = 1.3 [137].

We display the results for Baryon-Baryon (BB) and Baryon-Antibaryon (BA) correlations
for this analysis in figure [4.1, where we compare the Herwig 7.3.0 default with the two
production mechanisms for baryons available to Herwig. These two mechanisms are the
baryon production from the Cluster Decay (CD), where a mesonic cluster decays into a
baryon-antibaryon pair and the Baryonic Colour Reconnection (BCR), where three mesonic
clusters recombine to a baryonic and an antibaryonic cluster. Note that in figure for the
default we have chosen the static cluster fissioning scheme, which we described in section
3.5.2|and for the CD we have increased the weight of drawing a baryon (PwtDI from section
3.5.3) from the tuned value of 0.33107 to 0.6 in order to boost the overall baryon production
to compensate for the missing BCR baryons. In the same spirit, we increased the BCR
reconnection probability Pgcr from section from the tuned value of 0.7 to 1.0 for the
same reason. Leaving it at its tuned value does require more events to give the same statistic
and does not change the overall qualitative observation we want to make.

The near side depletion of BB correlations observed in [137] 143 has been shown to
be badly modelled especially by Pythia, with several attempts to fix these issues (see e.g.
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[144-146]). While Herwig does describe the data for BB correlations much better (see e.g.
figure , for BA correlations there is some unphysical behaviour present.
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Figure 4.2: The azimuthal correlations of different hadron-antihadron combinations compar-
ing the default with only diffractive and only non-diffractive processes for LHC MB runs at
7 TeV measured by ALICE [137] (public Rivet analysis ALICE_2016_I1507157).

One can clearly see that the default Herwig prediction for the BA correlations exhibits a huge
far side peak in figure which is not observed in the data. Disentangling the production
mechanisms we can narrow down the origin of this unphysical behaviour to the CD baryon
production mechanism. This should not be too surprising if we recall the cluster decay
model from section which decays light clusters isotropically to a baryon-antibaryon
pair. Also the near side peak is way more pronounced in the BA correlations for the CD
baryons, while for the purely BCR baryons it almost matches perfectly the data. Note that
the diffraction model plays also an important role here, but it is not solely responsible for this
unphysical behaviour as one can see in figure where we display the correlations for only
diffractive events and non-diffractive events. In fact, the diffraction model would produce a
single cluster with aligned constituents, which (if the cluster is heavy enough) would fission
recursively to further aligned clusters (yielding a cluster chain) close to the beam axis, which
are then decayed isotropically to two hadrons. This would clearly lead to huge back-to-back
correlations on the far side as one can see in the purely diffractive events plot in figure
also for the K™K~ mesonic correlations. We want to stress here that it is at the same time
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remarkable and worrisome that this one-dimensional cluster chain combined with isotropic
cluster decay can be tuned to MB data such as rapidity gap data e.g. from ATLAS [147] to
give a quite decent description of the data.

Examining the BB correlations in figure one can clearly see the impact of the different
baryon production mechanisms. In particular, again the BCR model seems to describe the
data much better by itself, while the CD baryons yield a qualitatively wrong description.
Now this should not come as a too big surprise for this observable, because it is sensitive
to the correlation of baryon number. Let us assume a high multiplicity MB event before
hadronization and CR is just a set of quarks and antiquarks?” uniformly distributed in phase
space, whose elements want to confine into a colour singlet state with their closest neigh-
bours in phase space. If now in some small compact region of phase space a baryonic type
configuration of e.g. three quarks will form a baryon the remaining partons are more likely
to be antiquarks compared to quarks since the formation of the baryon has absorbed from
the region three quarks. However, since baryon number is conserved an antibaryon has to be
produced to maintain the balance as one can see in the BA correlations of This can be
done with the previously colour connected partners of the original quarks, which need to form
an antibaryonic configuration. Of course, this is only reasonable if these three antiquarks are
in reasonable proximity in phase space. This is exactly what the BCR model from section
describes including the balance peak at the far side. So what the depletion in the near side
of figure tells us is that we locally depleted the source of baryon number (i.e. quarks) in
the close-by phase space.

In contrast to the BCR mechanism, the CD baryons seem to yield either no BB correlations or
a near side correlation in figure which does not agree at all with the data. However, also
this should not be surprising since this mechanism is completely independent of the event.
We need two clusters to decay into a baryon-antibaryon pair to compute this correlation,
these two clusters are mostly?® uncorrelated and therefore the BB correlations are mostly
uncorrelated except for phase space effects. In contrast to this of course the BA correlations
are strongly correlated, which is just a reflection of pure isotropic two-body decay phase
space. In particular, we can say that the BCR mechanism is aware of the surrounding
partons/clusters or the rest of the event, while the CD baryon mechanism is completely
oblivious to the rest of the event and hadronizes independently. Note that similarly to the
BCR model there exist also so-called coalescence models such as AMPT [149], which
essentially coalesce partons into hadrons and therefore are also able to reproduce the BB
suppression, but those are not microscopic models like the BCR model.

Now the conjecture that nature prefers the BCR mechanism to produce baryons is supported
by the measurement of pp + pp correlations of ALICE (at 13 TeV) in 29, where more
multiplicity corresponds to a higher depletion of BB correlations, which in our conjecture
can be explained by more baryonic configurations for BCR can be found due to increased
multiplicity.

Now one might want to just propose a purely BCR model for baryon production as it describes
the qualitatively and in parts quantitatively the data very well, but what is not visible in
the presented data is the overall number of baryons produced. In fact, purely BCR baryons
cannot produce enough baryons for pp MB collisions and the situation is even worse for
ete™ collisions without the MPI contributions. Therefore we propose a two-fold approach to
address this problem:

27 Assuming the gluons have already split to ¢ pairs.

28They both need to have sufficient mass to decay into two baryons.

2Note that in this analysis the correlations are rescaled to the correlation per particle instead of correlation per
pair of particles in order to compare different multiplicity classes.
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1. Turn off baryon production from the CD stage and allow CF baryon production.

2. Increased baryon production in CR using a new algorithm.
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Figure 4.3: The azimuthal correlations of different baryon combinations comparing the default
with only CD baryons and only CF baryons for LHC MB runs at 7 TeV measured by ALICE
[137] (public Rivet analysis ALICE_2016_I1507157).

For the latter point, we will describe our new algorithm in chapter [6, but the former point is
quite straightforward. We simply set the PwtDIcp = 0 and set PwtDIcr to a similar value
to the CD weight. In figure we display the comparison of only CF baryons and only CD
baryons, where for the case of only CF baryons we set the PwtDIcr = 0.9 in order to boost
the baryon production. One can clearly see that this eliminates the unphysical far side peak
in the BA correlations even though it does not create the depletion of the BB correlations,
but we would not expect this in any case since the CF is also an independent hadronization
process. However, what we must note here is that the CF baryons exhibit very different
pr spectra as can be seen in figure In fact, the soft peak of the baryon pr spectra is
related to the masses and momentum distributions of the underlying clusters, which means
the production mechanism must reflect this somehow. Interestingly looking at the pr spectra
in figure one can note that the BCR baryons by themselves yield a very good prediction
of the shape of the = and to a lesser extent the A baryon. However, the p spectrum is quite
significantly underestimating the soft peak. This might also be a hint that multi-strange
baryons are more easily formed via the BCR mechanism compared to light baryons.
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p + P yield in INEL pp collisions at y/s =7 TeV in |y| < 0.5. A transverse momentum distribution at /s = 7 TeV
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Figure 4.4: The pr spectra of baryons of MB pp collisions at 7 TeV measured by CMS and
ALICE [150}[151] (public Rivet analyses CMS_2011_88978280 and ALICE_2015_I1357424)
for different baryon production mechanisms.

However, just producing all baryons using the BCR mechanism is not enough even for MB
pp collisions let alone eTe™ collisions. Furthermore, it is not necessarily clear if the improper
modelling of the baryon-antibaryon correlations is only a feature of MB pp collisions or if
it happens also at low energy e*e™ collisions, which would consolidate our claim that this
problem is in the universal hadronization model and not related to issues in the MPI model.
In the next section we will therefore look at a similar observable for low energy ee™ collisions.

4.2 Baryon Correlations at ARGUS

In this section we want to cross-check our findings with low energy /s = 10 GeV ete™
collisions at the so-called continuum - above the T(15) and below the Y (2S) resonance - for a
similar correlation observable measured by the ARGUS experiment at the DORISII collider.
The measurement of used the azimuthal angle ¢, between protons and antiprotons,
where the angle is defined in the plane perpendicular to the thrust direction of the event.
In fact, the conclusion of this analysis was that the simplistic diquark picture i.e. assuming
diquarks to be just another parton in the string context is disfavoured by the data observed
and the so-called popcorn model for the case of Pythia is preferred.
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Figure 4.5: The pp azimuthal angular correlations for e™e™ collisions at /s = 10 GeV mea-
sured by ARGUS [152] (public Rivet analysis ARGUS_1988_1266892) for the same and oppo-
site hemisphere.

In figure [4.5|we display these correlations for the pp pairs in the same and opposite hemisphere
for the aforementioned different baryon production mechanisms. Note that in the "only CD
baryons” we disabled the BCR mechanism even though it does not have a substantial effect
since not enough clusters are around. We can clearly see that this confirms our previous
findings that the baryon correlations exhibit an unphysical far side peak for the CD baryon
mechanism. Interestingly also the purely BCR baryons show a slight far sided peak for pp
pairs in the same hemisphere, while the CF baryons yield excellent agreement. However,
one should note that baryons originating purely from BCR at such low energies are highly
unlikely as there are not many clusters produced, which could undergo BCR.
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Figure 4.6: The A” and =~ baryon = = 2|p|/+/s and z = 2E/+/s distributions respectively
for eTe™ collisions at v/s = 10 GeV measured by ARGUS (public Rivet analysis AR-
GUS_1988_1251097). Note that here we have up-scaled the "only BCR baryons” by a factor
of 30 in order to compare the shapes.

As before we would like to examine how the momentum spectra of baryons behave if we
only consider CF baryon production. Therefore we display the x = 2|p]/y/s and z = 2E//s
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spectra of the A” and 2~ baryons measured by ARGUS in figure Note that in figure
we rescaled the red BCR histogram by a factor of 30 for visibility. As in the previous
section (see ﬁgure we can see that the CF baryons produced do not form the characteristic
soft peak, while the other mechanisms do. So we can conclude that this feature is generic for
the default CF baryon production. However, one should note that this is all tied to the exact
kinematics of the cluster model i.e. the mass and directional distributions sampled during CF
and CD. It is therefore worth to closely examine the kinematics of the cluster hadronization
model, which we will do in chapter 5/in more detail.

4.3 Di-Hadron Masses at BELLE

As we have seen some issues with the current CF model for baryons, we might expect similar
issues to arise in different observables related to the CF kinematics. For this purpose we
examine here the current cluster hadronization models kinematics by looking at the di-hadron
fragmentation functions for the identified hadron pairs invariant mass measured by BELLE
[155]. This observable is given by the following differential cross section:

d*o(ete™ = hy, ho, X)
dzdmp, p, '

(4.6)

Here mp,p, = \/(Ph, + DPhy)? is the invariant mass of two hadrons, which are coming from
the same hemisphere (with respect to the thrust direction). The energy fraction z = 2(E}p, +
E},)/+/s is chosen such that 2z = 1 corresponds to the two hadrons having the total energy of
one hemisphere. We can note therefore that for the continuum BELLE energy of \/sgpi g =
10.52 GeV, where the COM energy is quite low (but still perturbative for the continuum
measurement), the Parton Shower (PS) is practically absent or does not emit many particles
and therefore partons transition directly to the hadronization model. If the PS does not
emit any particles for the hard process ete™ — ¢, we have to hadronize a cluster of mass
M¢ = /sppLLg- In particular, for z < 1 (almost) all the energy of the hemisphere is
contained in the two hadrons, which means that we essentially only have those two hadrons
in the hemisphere. These two hadrons have to originate in our cluster model from the cluster
decay of a cluster into two hadrons, but for momentum balance reasons this cluster cannot be
at rest in the LAB frame and must therefore itself arise from the cluster fission of (possibly)
the primordial cluster of mass M¢ = v/sppr1p if the PS has not emitted anything. Therefore
the mass distribution of two hadrons for z < 1 (where the background from the PS is minimal)
will give us a probe of the cluster mass spectrum after the cluster fission. It is crucial to note
that what this observable at z < 1 shows is not necessarily a single CF process, but the
recursive process of CF such that all clusters are below the cutoff in the case of a hard static
cutoff.

In figure we display the di-hadron invariant mass spectrum for 7t7~ and 77K~ for
z € [0.95, 1] measured by BELLE for the default hadronization, pure hadronization with-
out PS and pure PS without CF. Clearly, neither the default cluster model nor the purely
hadronization model (without PS) is agreeing with the data qualitatively. The resonances in
these spectra are clearly visible in the data, but are not captured by the pure hadronization
approach. In fact, we see a slowly decreasing plateau at 650 MeV for 777~ and at 775 MeV
for 7 K, which are exactly the sum of the constituent masses of a cluster that can decay
into the respective pairs of hadrons. This means the current CF model produces a lot of

clusters C(q, '), which are barely above the minimal kinematic threshold MZ&™ = m, +mg.

We can easily verify this claim by varying the underlying light quark constituent masses by a
factor of 0.75 and 1.25, which we display in figure As expected the plateaus shift towards
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Figure 4.7: The di-hadron invariant mass spectrum for 777~ and 77K~ for z € [0.95, 1]

measured by BELLE at /s = 10.52 GeV (below the T(4S) threshold) [155] (public Rivet
analysis BELLE_2017_11607562) for the default hadronization model, the model without par-
ton shower and the model without cluster fission.

higher values for higher constituent masses and vice-versa. Comparing the purely CF model
with the purely PS model in figure furthermore confirms that the issue lies in the CF
model since the "no CF” simulation shows qualitatively good agreement with the data. Note
that the discontinuity in figure at around 1.1 GeV for the 777~ is most likely related to
the cut on the width of the resonances that are imposed in the event generator.

Nonetheless, the qualitative agreement gives us evidence that the CF should most likely
behave similarly to the PS, which we will further investigate in chapter |5l In figure we
display the mass spectrum of the clusters and their momentum in terms of z¢ = 2|pc|/V/s
both after CF for the cases where we have only CF and no PS and vice-versa. There one
can clearly see that first of all the perturbative spectrum of the PS is not preserved during
the CF and second of all the recursive CF essentially overlays its distribution on top of the
perturbative mass spectrum. This hard transition from PS to CF is of course unphysical
and leads to a huge and unpredictable dependence on the PS cutoff, which should just be a
matching scale between the PS and CF as has been explored more in detail in . Another
possibility is that some heavy clusters should be given the possibility to directly decay into
two hadrons instead of splitting into lighter clusters, which is a temporary fix to this issue
proposed in at the cost of three tunable parameters.

4.4 Conclusions

In this chapter, we have seen some issues of the current cluster hadronization model of Herwig
and investigated their potential origin. In this investigation it turned out that correlation
observables are particularly useful since they truly probe the sub-structure of an event, which
is very semnsitive to hadronization and colour reconnection. In particular, we found that it
is quite easily possible to have a hadronization model that gives reasonable results for a
plethora of observables to which it has been tuned to, but clearly gives unphysical behaviour
for correlation observables. Of course this makes sense since e.g. the di-hadron correlations
we looked at (by ALICE, ARGUS and BELLE) are particularly sensitive to the production
mechanism that generated these two hadrons i.e. hadronization and colour reconnection.
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Figure 4.8: The di-hadron invariant mass spectrum for 777~ and 77K~ for z € [0.95, 1]

measured by BELLE at /s = 10.52 GeV (below the T(4S) threshold) [155] (public Rivet
analysis BELLE_2017_I1607562) for different values of the light uds constituent masses. For
the "lower masses” we scaled the constituent masses by 0.75 of their default value and for the
“higher masses” we scaled the constituent masses to 1.25 of their default value except for the
s quark, which has been kept at the default value.

Furthermore, we showed that the modelling of baryon production is still not clearly under-
stood and in particular that baryon observables are therefore a good probe for hadronization
models especially also comparing different collision systems and energies. All of these obser-
vations are of course strongly tied to the hadronization model, the colour reconnection model
and their interaction with each other. This is the motivation for this thesis to investigate
deeply the current phenomenological hadronization and colour reconnection models and try
to develop more predictive models.

In particular, we have already seen a hint for a new cluster fission model, which should behave
more like an actual parton shower as can be seen in figure In fact, we will propose a
new matrix element cluster fission in chapter 5] which will be motivated by colour evolution
and show its phenomenology. In addition, in chapter |7| we will be showing a more predictive
colour reconnection model and discuss its phenomenology.
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Figure 4.9: The (unobservable) mass spectrum of the clusters for ete™ — ¢ at BELLE and

their momentum in terms of z¢ = 2|pc|/v/s both after CF for the cases where we have only
CF and no PS and vice-versa.



CHAPTER D

Hadronization Studies

Current cluster hadronization models (Herwig [2] and Sherpa [93]) rely on phenomenological
cluster fission models with several free tuning parameters, which parametrize our lack of
knowledge of the underlying mechanism. This is one of the down-sides of cluster hadronization
compared to string hadronization models®, which - based on the string assumption - get a
prescription for the kinematics of hadronization.

In this chapter, we propose a perturbatively inspired matrix element for the cluster fission and
a phenomenological matrix element for the cluster decay in order to reduce the number of free
parameters . This will not only yield a more predictive model for hadronization, but also
lead in the long term towards more meaningful hadronization uncertainties on experimental
measurements than the usual two point variations, where the hadronization uncertainty is
defined as the envelope of the Herwig and Pythia simulation @ Additionally, fewer param-
eters should alleviate the need for sophisticated tuning strategies, which has been an issue at
least for some parameters as shown in [94]. Furthermore, we will discuss the phenomenology
of these new approaches on measured data and propose unmeasured and new correlation
observables to examine their sensitivities on the different hadronization stages.

5.1 The Issues of the Current Cluster Fission Model

As already discussed in sections [3.5.2) and [3.5.3| theoretically and in chapter [4] phenomeno-
logically with measured data we have seen several issues of the current CF and CD model in
Herwig. The most important theoretical and phenomenological issues of the model are the
following:

e No transverse momentum for the daughter clusters is added for the CF, i.e. it is a
one-dimensional process as shown in figure[3.3|

e The Ansatz for the mass distribution as a power law neither captures threshold effects
nor does it have a solid theoretical motivation.

e The biased treatment of different clusters undergoing either isotropic or smeared aligned
CD.

39Even though for the hadron production fewer parameters are needed by the cluster model to describe the data.
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e The correlations between baryons and antibaryons are way too strong if we only allow
them in the CD.

e If we allow the baryons to be produced only during CF, their momentum spectra are
disagreeing with data for the current hadronization model.

Note that the first issue results in a non-continuous transition from collinear CF to the later
mostly isotropic CD, which is of course unphysical. The second issue also leads to difficulty in
tuning the PSplit parameters since a tune may drive these parameters to unphysical values
in the hope of trying to capture physics, which it cannot and should not describe as has been
noted in . With the work in section we attempt to address these issues by describing
the cluster fission of a cluster as a perturbative emission of a quasi-soft qg-pair.

5.2 The Perturbative Matrix Element Cluster Fission model

The cluster model gives us a primordial set of clusters {C(q1, g2)} consisting of either a quark
and an antiquark or a (anti)quark and a (anti)diquark, which are all on their respective
constituent mass shells and are denoted generically by ¢; and g2 respectively. As mentioned
before this cluster mass spectrum is universal for eTe™ — ¢g collisions and peaks at a low
energy scale of the order of the PS cutoff Qyg. However, the cluster mass spectrum has a
long tail at high masses and in particular also a significant number of events with only one
cluster of mass /s if the PS does not emit any partons. In such cases the heavy clusters
need to meaningfully dissociate into lighter clusters. As a consequence of the colour evolution
picture , the CF can evolve perturbatively from the PS cutoff scale down to a truly NP
scale. Therefore the PS cutoff scale can be thought of as a matching scale between the PS
and the perturbative CF evolution. Therefore a change in the PS cutoff must be picked up
by the perturbative CF model such that the overall prediction changes only insignificantly,
which we pictorially represent in figure This was studied in the context of a dynamical
gluon mass in for an angular ordered CF model. However, our approach here differs
from by the generality of the actual matrix element instead of a PS like description.

In Herwig 7.3.0 the current cluster fission model splits clusters recursively if their mass
M is above some probabilistic cutoff, but for our study we will limit ourselves to the previous
model of Herwig 7.2.3. with a static cutoff described in unless otherwise stated, as it
facilitates the interpretation of our findings.

5.2.1 Phase space effects

In order to generically describe the cluster fission in the aforementioned matrix element
picture, we first employ the factorization of phase space in order to separate the phase space
effects from the actual matrix element. We can write down a general 2 — 4 partonic process
with a matrix element Ma_,4(p1, P2 — @1, q, G, q2), where the rate I's_,4 can be written in
this manner in D = d + 1 space-time dimensions :

Py = / Moa[2dy, (5.1)
d®y = dlly, dTT,dITzdIL,, (2m)°6" (p1 + p2 = > ), (5.2)
f
ddpz'
I, = — . :
dily, (2m)d 2, (5:3)

Note that in the above expression we choose the masses of the quarks to be the constituent
masses instead of the current masses. This assumption was made since the cluster fission
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Figure 5.1: Sketch of the cluster hadronization model in the colour evolution picture |\

happens at a stage, where the current mass description breaks down as it would lead to
extremely light clusters. In this context the constituent masses are essentially the IR regulator
for the cluster hadronization model.

Rearranging the above expression as described more in detail in the appendix [B| we finally
arrive at the following equation in 4 space-time dimensions:

Doy = / dMdMs fps (M, My) dQEOMAQCOMIGQCEOM2 A, 12, (5.4)

VAL, ME, MEMNME, mi, m*)A(Mj, m3, m?)

2M12Mo (5:5)

fps

Here fps(Mj, M) describes the mass distribution of clusters if the matrix element would
have no implicit or explicit dependence on My, M i.e. the distribution is coming purely from
the 4-particle phase space. The pictorial representation of this factorization is displayed in
figure We define Q°OM as the solid angle between the original constituent direction p;
and the child cluster @1 = (g1 +¢) in the COM frame of the original cluster. The solid angles
QCOM are the angles between the child cluster Q; direction (in the cluster COM frame) and
¢; in the COM frame of Q; respectively.

We display the distribution fpg(Mj, Ms) in figure for my = ma =m = my/y at M =
V$BELLE/LEP, Where my 4 is the constituent mass value of u/d quarks and /spgrre/LEp 1S
the COM energy of the BELLE experiment and the various LEP experiments at the Z pole
respectively as we will later compare to BELLE and LEP data. One can clearly note that the
distribution in is very different from a simple power law due to the threshold effects of the
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Figure 5.2: Pictorially representation of the phase space factorization for the CF. For details
of the derivation we refer to the appendix
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Figure 5.3: The distribution of flat mass phase space weight for a single CF for the maximally
massive cluster at BELLE (left) and LEP (right) energies according to (5.5). The colour
indicates the dimensionless weight of the flat phase space.

Killén functions in equation (5.5). Furthermore, the pure phase space is rather independent
of the mass of the cluster (if it is heavy enough) as one can almost not see any difference
between the v/sgprg mass CF and the v/s;pp mass CF in figure

Note that equation (5.4) with a trivial matrix element |./\/l2_>4]2 = 1 would sample the direc-
tions of clusters and their constituents completely isotropically, which is of course unphysical.
This implies the necessity for a non-trivial matrix element.

5.2.2 Matrix Element

As an Ansatz for the cluster fission matrix element we choose a tree-level®! soft gg-emission,
where a t-channel gluon exchange is needed in order to bias the original constituents of the
cluster p1, p2 to point in a similar direction as the final state momenta ¢, g2. Note that the
s-channel contribution would be suppressed at least by 1 /Mg, which is the reason we do not

31n principle one could go beyond tree-level see e.g. , but since this is a first attempt to add
perturbative QCD input to CF we will limit our discussion to tree level only.
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Figure 5.4: The Feynman diagrams of the chosen cluster fission matrix element.

consider it here. In order to simplify the matrix element, we employ the infrared factorization
from [158] to factorize the ¢-channel from the soft function S, yielding in total the following:

|'/\/l2*>4|2 (0,8 |M2*>2|§ X S(qlv q2, 4, Q)v (56)
(q1-q2)(p1-p2) + (q1 - p2)(P1 - 42)
(11— q1)* - emZ] [(p2 —q2)% — fmf;]

‘M2_>2|% X [ (5.7)

Note that in our case we break this factorization explicitly by the non-zero constituent masses.
This violation of factorization explicitly also breaks the momentum conservation, which we
remedy by having the symmetrical denominator for the ¢-channel. In addition, to this we need
to deal with the Coulomb divergence of the t-channel, which stems from the infinite range
of the strong interaction if the gluon is massless. However, due to confinement the strong
interaction is not even infinite range and therefore the regulator for this divergence should
reflect this and be related to Aqcp. Since for the cluster model we put the gluons after the
parton shower on a gluon constituent mass shell m,, a reasonable regulator for our diagram
shall be this gluon mass alongside a parameter e, which we choose to be 1 for all further
considerations. Note that the regulation parameter € is in principle a free tunable parameter
of the model and is not a RGE type scale that one could vary to estimate uncertainties.

The soft function S(q1, g2, ¢, §) consists of the following eikonal functions I;;, which are
defined as the following in [158]:

oo i@ @)+ (P )i - @) — (pi-pi) (- T)
B PR R PR | PR R R
S(q1, @2, ¢, @) = (111 + Iz — 2112). (5.9)

(5.8)

Note that we again explicitly break the momentum conservation since in the exact soft limit
pi — @;, but in practice we have p; # ¢;. For the case at hand we choose q1, ¢ for the soft
function since we want to consider the matrix element shown in figure where the gg-pair is
emitted from the final state. The other convention was tried but did not significantly impact
the results. Furthermore, we restored the mass dependence of the soft function by replacing
q-7— q-G+m?, where m? = ¢*> = @. Even though we have restored the mass dependence in
the eikonal functions, we did not introduce a gluon constituent mass parameter here, because
it would yield a pole that would need to be regulated by the total decay width of gluon. The
argument for this choice is that the process takes place at a high enough scale that this gluon
of the matrix element can be treated perturbatively i.e. as massless.

This matrix element does not only have an impact on the directionality of cluster fission but

also a significant contribution to the mass phase space. In particular, the soft function has

an explicit dependence on M, My through the functions I;; oc (M7 + .. .)_I(Mj2 +...)7L

This means that the matrix element impacts also the mass distributions of the clusters, which
1 d*Toy )

which

can be seen in figure |5.5, where we generated a weighted histogram of Ty s AL dM,’
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clearly differs from[5.3l The regulated poles of the soft function drive the masses down to lower
values, while at the same time the phase space threshold functions forbid the region, where
both clusters would be too light to be treated perturbatively. The most striking difference
can be seen comparing the BELLE mass cluster splitting compared to a LEP mass cluster
splitting. In stark contrast to the flat phase space shown in figure which was rather
independent of M, in figure one can clearly see a narrowing of the distribution.

M =10.58 GeV M =912 GeV
my = 0.325 GeV, my = 0.325 GeV, m = 0.325 GeV my = 0.325 GeV, my = 0.325 GeV, m = 0.325 GeV
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Figure 5.5: Plot of mass phase space according to the matrix element for a single CF for the
maximally massive cluster at BELLE (left) and LEP (right) energies. The bottom plots are
the same as the above but with a log scale for better visibility.

As we want to later sample also the angles efficiently, we display their distributions by using
weighted histograms in figure We can see that the angular distributions are indeed quite
collinear. Note that here cos(#) is the angle defined in the original cluster mass frame (COM)
between p; and @1 and cos(6;) are defined in the final cluster @Q; rest frame (COM:) between
the direction of @; in COM and ¢;. For the normalized distribution fcowm(cos(0)|A) we assume
the following type of distribution as this is motivated by the ¢t-channel matrix element:

A2 + A)

feowm(cos(0)|A) = 1+ A cos()]

(5.10)

Here A > 0 is a parameter of the distribution, which needs to be fitted to the histogram of
the angle, which is plotted in figure On the other hand for fcowm,i(cos(6;)) we choose
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an exponential Ansatz, which is motivated by the almost linear behaviour in the log plot of

figure
fconi(cos(6;)|6i) = %eﬁi(COS(ei)_l)' (5.11)

Here we choose ; > 0 and fit this as well to the histograms in figure for obtaining the
most efficient sampling later on. These parameters A, 51 and (o are of course in general
functions of M, my, me, m, which complicates getting good overall efficiency in the rejection
sampling as we will discuss afterwards. Of course if m; = mg this implies that 5, = .
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Figure 5.6: Plot of weighted histograms for the total distributions of the COM angle cos(0) =
cos by, 0, (left) and the COMI1 angle cos(61) = cosfq,q, at BELLE energies (top) and LEP
energies (bottom).

From figure one can clearly see that the more mass M a cluster has, the more aligned the
CF will be in both the cluster COM frame (left) and the respective child cluster COM frames
(right). This behaviour yields a reasonable interpolation from an essentially fully aligned CF
mechanism (as in the Herwig default) at high cluster masses towards a more isotropic CD
model for lower cluster masses. As the sampling for large cluster masses is quite inefficient
even with the importance sampling discussed above, it is instructive to just test what the
mass distributions would look like if we sample the angles fully aligned. Sampling the angles
fully aligned of course changes the matrix element to the following:

’M2_>4’2 [Ml, MQ, COS(H), COS(@l), COS(@Q)] — ’M2_>4‘2 [M1, MQ, 1, 1, 1] . (5.12)

We will therefore not get the same distributions, but a more efficient sampling and more
importantly we can assess how much both differ. In figure we display the same mass
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Figure 5.7: Plot of mass phase space according to the matrix element under the constraint
of a fully aligned phase space for a single CF for the maximally massive cluster at BELLE
(left) and LEP (right) energies. The bottom plots are the same as the above but with a log
scale for better visibility.

phase space plots as before in figure but for a fully aligned directional sampling. Of
course, the difference is not huge between the sampling of the full matrix element in figure
and the fully aligned sampling in figure since the dominant contribution of the full
matrix element comes from the fully aligned region. Nonetheless, one can see that for low
mass CF the peak of the full matrix element distribution is at higher values and extends more
broadly towards large masses compared to the aligned matrix element. As similar feature can
be spotted for the large mass CF, but the difference is substantially smaller, which of course
is completely consistent with the observation we made before that higher mass clusters are
splitting more aligned than lower mass clusters.

5.2.3 The Algorithm for Herwig

Now that we have factorized the phase space and made assumptions on the matrix element,
we need to sample from equation (5.4)) appropriately and with unit weights. Therefore we
implemented the following importance sampling algorithm in Herwig for a single cluster
fission:

1. FlavourSampling: Draw the flavour of the ¢g-pair using the default weights Pwt(q).
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2. MassSampling: Sample the masses M, My uniformly in the allowed region of figure

3. PhaseSpaceSampling:

a) Boost from the lab frame LAB to the centre of mass frame of the original cluster
(COM).

b) Sample the direction of the child clusters according to fcom(cos(6)).
¢) Boost in both child cluster’s rest frames (COM: for i € {1, 2}) respectively.

d) Sample the direction of constituents according to fcowm,i(cos(6;)) in the COM:
frames.

e) Boost both back to the original cluster rest frame COM.
f) Boost all momenta from to the COM frame to the LAB frame.
4. Accept the sampled configuration with probability Pacc.

Note that we sample the masses M7, M uniformly, which - albeit not being the most sophisti-

d’T'o—s4
Tyyq dMyd M,
is not known or cannot be easily sampled. Furthermore, we always sample the azimuthal
angles ¢com, ¢com,1 and ¢com, 2 uniformly in [0, 27]. Note that the two boosts in the points
- |3f] are necessary since we cannot simply boost from the COM: frames to the LAB frame
as we will pick up a rotation since non-parallel Lorentz boosts do not commute. There are
some more subtleties to this algorithm, which we discuss more in detail in the appendix
For this algorithm we have to define P,.., which is given by the following:

cated choice - is comparatively fast if the actual integrated mass distribution

Wace frs (M, M2)|M‘%—>4({pl 'pj})

Face = Aok Aorfus(Mi, Ma)feom(colA) foomi(ca,161) feom 2(ca,|B2)

(5.13)

Here we abbreviated cos(6;) = cg,, {pi - pj} stands for the minimal set of all possible scalar
products of the sampled set of four-momenta and Aog is the overestimate of the expression
such that ideally P,.. < 1 for all phase space. In addition, fyis could be a pre-sampler of the

masses My, Ma, but since we sample the masses uniformly we set fyms = fpsmax(M), which
is the overestimate of the mass phase space that we compute in the appendix

One should note however that the best overestimate Aog is a function of M, mi, ms and m
in general. Furthermore finding such an efficient overestimate is highly non-trivial especially
due to the denominator probability density functions (PDF's) depending on a priori unknown
parameters A and §;. We therefore choose to get an estimate Aog of the overestimate, by
sampling the phase space and searching for a maximum of wae. for fixed m; = mo = m but
variable M such that Aog(M) = max{wa..(M)}. In practice, since we are not sure that the
estimate for the overestimate is a true overestimate, we allow the user to choose a safety factor
fsafety > 1 such that we use \og(M) = foafety - XOE(M ) in the expression for the probability
in equation (5.13).

For the fixed constituent masses we choose the lightest u, d constituent masses because the
lightest constituent masses give the largest enhancement. However, for the large range of
possible cluster masses, fixed importance sampling parameters A and 3; are way too inefficient.
Therefore the parameters A = A(M) and 5; = 5;(M) are defined as functions of M, which
we estimate by plotting the M dependence of the best fits to the weighted CF distributions
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of cos(f) and cos(f;). We find that a decent estimate for the functional dependence on M of
these parameters is given by the following power law:

AM) = C, <1 (ﬁV)B, (5.14)

Bi(M) = Cp, <1 (]:iV)Pﬁi : (5.15)

Fitting the parameters Cy, Cg,;, P; and Pg, to weighted CF distributions, we find to a good
approximation the values in table which we will be using in all plots. However, one should
note that we now also need a functional form for the overestimate Aog (M), which is of course
implicitly also a function of A(M) and (3;(M). We find that the following expression works
for our purposes, where My, = m1 + mg + 2m:

M Mmax
)\OE(M) = fsafetywacc(Mmax) exp |:77 <10gPOE <M> - 1OgPOE (M>>:| . (5.16)

Here wace(Mmax) is the maximal wyee at the maximum mass of clusters My, at which the
fit has been performed. Furthermore, n and Pog, are determined from the fit and displayed in
table alongside the aforementioned parameters. Note that all of these fitted parameters
are dependent on the pre-sampler parameters A(M) and (;(M). Since this is still inefficient
in general the fqfety factor can be chosen by the user to steer the overestimate. One should
note however that fafety S 1 is not giving exactly the correct distribution since it could
lead to P,cc > 1, which is the reason why the user is informed if such P,.. > 1 samples are
occurring. On the other hand, if the efficiency is too low and we try more than 107 times to
sample a single CF process we allow for two options: Either reject the event altogether or
revert to the default fully aligned CF. The first option biases the simulation towards more PS
emissions (and thus lighter and easier to split clusters), but the second option gives us also a
contamination of default CF, which is also not desirable. We choose in all future plots the first
option, since we want to study the new CF model. Fortunately, this issue occurs mostly at
large energies at e.g. the LEP Z pole. Since this is the bottleneck for this implementation, one
would need to develop a more efficient approach for sampling the phase space e.g. using the
HAAG method for efficient sampling of eikonal matrix elements, which we leave for future
work. Nonetheless, our implementation is more flexible in choices for mass and directional
distributions and thus more useful as a phenomenological exploration tool of the impact of
hadronization on certain observables.

5.3 The New Cluster Decay Kinematics

The current cluster decay (CD) model of Herwig [2] forces clusters to decay to two hadrons
as already discussed in section [3.5.3] The kinematics of the decay depend on whether at least
one of the cluster’s constituents has originated from the hard process or the parton shower
and has a virtuality ¢ > mg, where my = 0.95 GeV is the gluon constituent mass or the
cluster has been produced during the cluster fission. In the latter case the cluster is decayed
fully isotropically in its rest frame. In the first case the hadron directions cos(6,, n,) with
respect to the initial constituent partons is sampled according to the distribution in equation
13.17. This picture of treating clusters in a two-fold manner is contrary to the consequences
from the colour evolution picture that the cluster fission should be treated perturbatively and
the shower cutoff should be considered merely as a factorization scale [7].

We therefore present a new cluster decay model that tries to interpolate the cluster fission
kinematics and the cluster decay kinematics in a more meaningful way. Similarly to the
cluster fission we assume a phenomenological matrix element M, ,,_n, h,, Which in this
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Table 5.1: The fitted technical parameters, which we used for the sampling in all future plots
for the matrix element.

Parameter Fitted value

Cy 9.78
P ~2.5
Cp, 0.63
Py 0.89

wacc(Mmax) 1.57 % 106 G6V74

Momax 55 GeV
n 16.12
Pog 0.3122

Figure 5.8: The (pseudo) Feynman diagram of the chosen CD matrix element.

case is however a NP 2 — 2 parton to hadron process. Due to local parton hadron duality
we want the respective hadrons to be strongly aligned to the original partons, which is why
we choose a t—channel like exchange of a pseudo particle S of the following form as displayed

in figure 5.8
]2 o ! x L
[(pl - h1)2 - M§]2 [A - Cos(epl,}u)]Q ‘

[ Moy, pa—shs, b (5.17)

Here Mg is a pseudo mass parameter that we set to Mg = max{(mi —mp,), (ma —myp,)} in
order to have the maximally aligned CD for small momentum constituents®> without being
singular. Note that this phenomenological matrix element completely ignores the spin infor-
mation of the participating partons and hadrons. However, since we choose Mg to give us
a strong alignment of the hadrons towards the constituent partons the dominant contribu-
tion comes from the enhancement of the denominator and the spin-dependent numerator is
relatively irrelevant.

We can sample the direction very easily from the above matrix element since the masses of the
hadrons are fixed. Therefore we can just integrate and invert the distribution for sampling
the angle 0,, 5, and use uniform sampling of the azimuthal angle in the COM frame of the
cluster.

*Note that the maximum has to be taken since in general p1 - by > max{mimn,, mamn, }
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5.4 Phenomenological Results

In this section we present some results of the newly proposed CF and CD model compared
to BELLE data , which measured the hemisphere di-hadron fragmentation function as
a function of my,p, binned in z = 2(Ep, + Ep,)/Vspgrip- This observable is very sensitive
to the CF model for z — 1 since in this case the PS is essentially not able to emit any
partons and the particle production comes mostly from hadronization. Therefore this region
is dominated mostly by the recursive cluster fission of a M¢ < v/sgppLp mass cluster.

In figure 5.9 we compare the following three CF options with the new ¢-channel like CD model
presented in section

1. Herwig 7.3.0 default fully aligned CF (red).

2. New CF model with the flat mass phase space according to equation (5.5) and fully
aligned directional sampling (blue).

3. New CF model with the full matrix element dependence (green) with underlying mass
distributions as shown in figure [5.5|and angular distributions as shown in figure

We can clearly see that the Herwig default forms a plateau starting from (mg, + mg,) until
~ 0.9 GeV, which can be explained by the fact that PSplit, ,.q =~ 1.0, which can be shown to
yield a triangular distribution as can be seen in figure 4 of . This plateau is not reflected
in the data, which hints at a breakdown of the default model for cluster fission. On the other
hand we can see that the full matrix element yields substantially better results except for
the low mp,p, region, which we attribute to the deterministic cut-off in ClMax, which we
chose for illustration. In addition, also the semi-hadronic decays of clusters C — C', hy could
contribute to that region, which are however suppressed in our case due to the phase space
threshold functions.

Differential cross section for 77K~ (0.9 < z < 0.95) Differential cross section for 7771~ (0.9 < z < 0.95)
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Figure 5.9: The comparison of the different CF models with respect to BELLE data from ||
(public Rivet analysis BELLE_2017_I1607562). Note that we used here already the ¢-channel
like CD.

In order to further disassemble the CF model we plot the unphysical (but informative) cluster
mass distribution f(M¢) after the recursive CF binned in z. Looking at the cluster mass
distributions, which we display in figure one can clearly see that the CF is essentially
regulated by the employed constituent mass thresholds, which is qualitatively the expectation
of what the parton shower would do.
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Figure 5.10: The mass distribution of clusters binned in z € [0.95, 1]. Note that we used here
already the t-channel like CD.

We can now also compare the different CD models fixing the default Herwig CF model. In
figure we compare the default CD model, the fully aligned CD, the fully isotropic and
our new t-channel like CD model. As one can clearly see with the exception of the fully
aligned CD the differences are relatively small. Note that the completely different behaviour
of the fully aligned CD comes from the CD into two hadrons, which can move in the opposite
hemispheres even though the cluster momentum points in the same hemisphere, which is
most pronounced for the aligned CD.

The pl%l/ " observable measures the hadron’s momentum § transverse to the thrust (or
sphericity) axis projected on the thrust-major (or sphericity-major) axis for pi* and pro-
jected on the thrust-minor (or sphericity-minor) axis for p3'*. This observable is of course
sensitive to the phase space extent of an event and in the soft region also strongly sensitive
to hadronization. In figure we display the variation of the CD model with the default
CF model, where it can be seen that our new t-channel like CD model does describe the data
better and reduces the enhancement at around 1 GeV. This effect of enhancing the lower mo-
menta for a more aligned CD is expected and a general feature of boosted decays, which can
be easily derived by considering a cluster of two on-shell constituents at rest with momenta
P12 = (E1)2, +7) T, where |p] = M(MZ, m?, m3)/(2M¢). We decompose their momenta in
parallel and perpendicular components § = pj| + g1 with respect to the boost direction in
which we want to boost them. Now we boost both vectors in the lab frame of the cluster
with the Lorentz transformation Aj(n), with the rapidity 7 defined as sinhn = |pEAB| /M,
where we assume the two extreme cases of pj = 0 and p; = 0 yielding the following, where
|| - ||3 is the norm of the spatial vector of a four momentum:

1A (m)pyy2lls = V(Erpsinbn? + 54 for i =0, (5.18)
|Ey jo sinhn £ |pj| coshn|  for p = 0.

Now even though if both cases have the same magnitude, i.e. [p | = p and |pj|| = p respectively,
the magnitude of the boosted p; will always be larger for the aligned decay, but for the aligned
decay the magnitude of the boosted P> a substantial cancellation is occurring, which is not
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Figure 5.11: The comparison of the different cluster decay models with respect to BELLE
data from [155] (public Rivet analysis BELLE_2017_I1607562). Note that we used the default
cluster fission model.

the case for transverse decay. In fact, if we consider an expansion in m;/p < 1 we get the
following expression for the aligned boosted decay of py/, for both cases:

\/(E1/2 sinh )2 + p2 ~ pcoshn <1 2;/2 tanh? ) (5.19)

m?
|Ey jo sinhn & pcoshn| ~ p et + % sinh 7. (5.20)
p

Here one can clearly see that the aligned boosted decay leads to one small momentum and
one large momentum, while transverse boosted decay leads to two similar momenta if the
mass difference is not large. This effect can be seen in the overall momentum distribution
x, = 2|p]/+/s displayed in figure which shows exactly the enhancement for low and high
momenta (and reduction of medium momenta) the more aligned the CD becomes. This also
explains the coincidence of multiple lines intersecting at similar values of the observables in

all of the plots in figure

In figure we display the same pp correlations measured by ARGUS , which we
showed in figure for the new options of the CF model, where the "phase space CF” is
just the flat mass phase space without matrix element and the "ME CF baryons only” is the
full CF matrix element sampling. Note that in both cases only the CF model is allowed to
produce baryons (but the CD model is the new ¢-channel like). Furthermore, we show also
the new t-channel CD model for baryons, where of course all baryons are produced in the CD
model.

One can see that this new CD model does not significantly improve the correlations, which we
would not expect anyway. The new CF baryons with the flat phase space do seem to improve
the situation even though the ¢ = 180° bin is higher than the default CF baryon model.
The full matrix element CF for baryons appears to give a similar behaviour as the BCR in
figure which is most likely a coincidence though. Nonetheless, for ME CF baryons the
same hemisphere correlations do deviate quite substantially from the data, but are still much
better compared to the default CD baryons and the opposite hemisphere data matches very
well the data. We want to stress that using the ME CF to produce baryons via an effective
diquark-antidiquark pair is a very simplifying assumption, which limits the predictive power
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Figure 5.12: The pT/ distribution and the ¢, = —logz, distribution measured by DEL-

PHI (public Rivet analysis DELPHI_1996_53430090). We show a variation of different
CD models (keeping the Herwig default CF), where "default” is the Herwig default, "aligned”
is a fully aligned CD, "isotropic” is a completely isotropic CD and ”t-channel” is our phe-
nomenological matrix element CD model.

of the baryon production from this mechanism. For a more detailed analysis one would need
to study the emission of two soft ¢ pairs from a cluster and examine its limits to see whether
one can draw conclusions on how baryon production during CF could look like. Also, the
interleaving of the CF model with the CR model could have a substantial impact on the
baryon production mechanism.

Correspondingly we display the momentum spectra of hyperons for the new models in figure
which we can compare to the default models with CF baryons from figure As
expected both CD baryon mechanisms deliver the soft peak in the momentum spectrum of
the A® baryons. However, surprisingly the matrix element CF does also yield a clear soft
peak and a less enhanced peak for the z distribution, while the pure flat phase space CF is
not enough to ensure the formation of the soft peak. As before we want to stress that this
CF model for baryons is very simplified, but it appears promising that the soft peak of the
momentum distribution can in principle be modelled by this matrix element CF model.
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Figure 5.13: The pp azimuthal angular correlations for ee™ collisions at /s = 10 GeV
measured by ARGUS (public Rivet analysis ARGUS_1988_I266892) for the same and
opposite hemisphere for various CF and CD models. Note that for the red line, baryons are
only generated by the default CD model and for the blue line using the new t-channel CD
model. For the green line baryons come only from the default CF model, while for the yellow
line the flat mass phase space CF model was used and for the purple line the full matrix
element CF model was used.
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Figure 5.14: The A° and =~ baryon 2 = 2|p]/V/s and z = 2E/+/s distributions respectively
for eTe™ collisions at /s = 10 GeV measured by ARGUS (public Rivet analysis AR-
GUS_1988_1251097) for various CF and CD models. Note that for the red line, baryons are
only generated by the default CD model and for the blue line using the new ¢-channel CD
model. For the green line baryons come only from the default CF model, while for the yellow
line the flat mass phase space CF model was used and for the purple line the full matrix
element CF model was used.

To examine the behaviour of the CF model it is instructive to show the cluster mass and
momentum distributions after the CF and its ratio to the distributions before the CF has
happened, which is exactly what we display in figure for the ARGUS COM energy
Vs =10 GeV. We can compare this to the BELLE energy distributions, which we displayed
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in figure for either no CF or no PS. As we claimed that our CF model should behave
more similarly to the PS as its intrinsic motivation comes from the perturbative evolution, we
expect that the distribution of clusters after CF should be somewhat similar to the distribution
before the CF, which one can see clearly in figure

While the default models yield a significantly different from unity ratio distribution, especially
for low masses and low momenta, the matrix element CF yields a ratio very close to 1 except
of course the zc = 0 bin®®. The bins above the threshold for the CF are also deviating,
which is an unphysical relic of our static hard cutoff for the CF model. Interestingly the
pure flat phase space CF is not enough to give a similar cluster mass/momentum distribution
compared to the distribution before the CF has happened, but it gives a better (ratio close
to 1) result for the cluster mass distribution. We should also note that in all of the plots that
we have shown (and will be showing) the constant gluon constituent mass and isotropic NP
splitting of the gluons have been used i.e. the gluons are on their constituent mass shell m,
and are isotropically decaying in the gluons’ rest frame to a light ¢q pair, which could affect
the whole discussion around cluster mass spectra as has been explored in [94].

Cluster mass distribution Cluster momentum distribution
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Figure 5.15: The cluster mass M¢ (left) and momentum zc = 2|pc|/+/s (right) distributions
after the cluster fission for different CF models at the ARGUS COM energy /s = 10 GeV on
the top plots. Correspondingly on the bottom we show the ratio of the normalized distribu-
tions before CF and after CF. Note that for the red line, baryons are only generated by the
default CD model and for the blue line using the new t-channel CD model. For the green line
baryons come only from the default CF model, while for the yellow line the flat mass phase
space CF model was used and for the purple line the full matrix element CF model was used.

33Which comes from the existence of a single qq cluster with total momentum 0.
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5.5 Sensitive Observables

In addition to the improved behaviour for the measured observables in figures and
we also want to propose sensitive observables to the CF and CD models respectively,
which are able to discriminate between these two mechanisms to further refine the models.
In particular, we want to examine the generalized angularities and multi-energy correlations,
which are sensitive to the different stages of hadronization. The generalized angularities )\g

introduced by [161}[162] are defined as the following:

A=Y e, (5.21)
1€{jet}
where 6; := \/2(1 — cos(6;)) is defined with 6; being the angle between jet constituent i and

i

the jet. The energy fraction z; = £ is defined with Eyis = Z FE; and gives a measure of
vis ie{jet}

hardness. Different powers of v and S provide different weighting of softness and collinearity

and give insights into different regimes of the IR and collinear limits. In particular, note that

for 5 > 0 IR safety is guaranteed and for § = 1 also collinear safety holds true, such that for

B =1 the angularities are IRC safe.

For the case of eTe ™ collisions we choose the Durham kp-algorithm with the E-recombination
scheme and the Winner-Takes-All (WTA) generalized kp-algorithm [23]24] from FastJet [21],
where we ask for 2 exclusive jets.

We display the discriminative power of the angularities on different stages of the hadronization
in figures and where we compare a variation of the CF model (left) and a variation
of the CD model (right) for different values of o and /3. In particular, one can clearly see in
figure that for « = 8 = 0.1, which is close to the limit «, 8 — 0 to pure multiplicity,
the CF model is very sensitive while the CD is fairly irrelevant. This should not come as a
surprise since the CF is associated with particle production, while the different CD models
are not producing new multiplicity, but only changing the final state momenta of the hadrons.
Interestingly however the fully aligned CD does still deviate slightly from all of the remaining
CD models, which is most likely an effect of the finite values of a and 3, which leads to an
expansion of the angularities in the following manner:

Xj ~ Niew + Y Blog(z) + alog(6;) + aflog(z:) log(6:)
ie{jet}
+0 [042 logQ(Oi)] +0 [ﬁ2 logQ(zi)] , (5.22)

where here Nje is the multiplicity of the jet. Of course, this is only a good approximation if
the logarithms here are sufficiently close to zero. Therefore the subleading contributions in
equation (5.22) can depend on the momenta and can lead to small deviations.

Furthermore, we can also see in figures and that 3 or even 4 different simulations
intersect at a common point of the observable, which we find in almost all plots of the
angularities and later in the multipoint energy correlations, for which we do not have a good
explanation.

On the contrary, if we look at figure[5.16| where we display the IRC safe angularity for o« = 0.1
and 8 = 1, we can see that albeit there is a strong dependence on different CD models (right),
the dependence on the CF model is less strong especially the difference between the pure phase
space effects and the matrix element is comparatively smaller. This might be a feature of
the fact that this observable is IRC safe. This claim is supported by the comparison to lower
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energies e.g. at BELLE results in which the CF is more sensitive, which could come from the
hadronization power corrections of order (AQCD / \/g)p , which are larger for p > 1 at lower
/s energies. Interestingly the CD is nonetheless strongly sensitive to this observable, which
might indicate that the CD is a truly NP phenomenon, whose effects on IRC safe observables
are not protected by perturbative QCD arguments.
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Figure 5.16: The generalized jet angularities for « = 0.1, § = 0.1 for the KT WTA algorithm.
We show a variation of the cluster fission models with the ¢-channel like cluster decayer (left)
and the different cluster decay models with the Herwig default cluster fission (right).
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Figure 5.17: The generalized jet angularities for &« = 0.1, § = 1.0 for the KT WTA algorithm.
We show a variation of the cluster fission models with the t-channel like cluster decayer (left)
and the different cluster decay models with the Herwig default cluster fission (right).

We summarize our findings for the angularities in the a-8 plane in the sketch of figure
We find that only for a@ < 1 the angularities can discriminate between CF and CD effects.
For larger a the general sensitivity decreases for all values of 5. On the other hand for large
B =~ 2 we get angularities, which are sensitive to both CF and CD models. As discussed
before for a = 0.1 and 8 = 0.1 we get a discriminative observable that could be used to
distinguish between CF models without precise knowledge about the CD model (see figure
. Similarly for « = 0.1 and 8 = 1 we get a discriminative observable that could be used
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to distinguish between the CD models without precise knowledge about the CF model (see

figure [5.17).
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Figure 5.18: A summary sketch of the angularity parameter space of a, 8 with its correspond-
ing sensitivities to the cluster fission and cluster decay. The arrows point towards decreasing
sensitivities and the boxes represent the regions with the most sensitivity and discriminative
power.

In addition, to the angularities we look at weighted multi-point energy correlations ENC, (6),

which we define as follows similar to [163}[164]:

ENC,(0) = Z / oW [0, {pitml, (5.23)
doy, = da(e € =Pl --vs Pm),s (5.24)
Otot — i Om, (525)
m=2
Wr’iyl[aﬂ {pz}m] = Dl;yn ‘ Z (H > {ka}N) ) (526)
m11<...<zx =
D= > (H E]k> . (5.27)

Here 0({pi}n) is a symmetric function of the N particle directions on the subset {p;}n C
{pi}m of the m particle final state {p;}m,. Note that the N-point correlations ENC, () are
normalized to 1, where the total inclusive cross section oo was defined in equation (5.25).

Due to the large computational cost of the ENC,(6) for large N, which is O(m”), we limit
ourselves to the cases N € {2, 3}. For N = 2 the regular IRC safe®! energy-energy correlations
are recovered if the function é(ﬁl, p2) = 012 and v = 1 is chosen, but since we are not reliant
on any recursive infrared safety condition the value of v can be an arbitrary real number. In
particular, for v > 0 the observables are IR safe, for v = 0 the observables are IR un-safe
and for v < 0 we call the observable IR "dangerous” since it would diverge in the IR limit®°.
Here we limit ourselves to v € {0, £1, £2, +oo} even though fractional values are of course
also possible. In fact, we will display only the v = 400 correlations since we found that the

31Here strictly speaking for true collinear safety the contact terms would need to be added (see later).
35Which in practice never happens with massive hadrons in the final state.
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in-between values for v are mostly an interpolation between v = —oo and v = 400 with no
new insights. "Collinear safety” can only be guaranteed by v = 1 and an appropriate choice of
0, where here we are ignoring the # = 0 bin i.e. neglecting the contact terms>®, which strictly
speaking would not be collinear safe. Therefore we mark “collinear safety” in this sense under
quotation marks to distinguish it from strict collinear safety. Note here that we will call
v — 400 as the "Winner-Takes-All” (WTA) correlation and the v — —oo as the "Soft-Takes-
All” (STA) correlation, which correspond to filling only the largest for WTA (smallest for
STA) product of energies per event. For N = 3 we choose the function é(ﬁl, D2, P3) as the
minimum and maximum of the pair-wise angles ¢;; such that:

Omin (D1, P2, P3) = ng?{ez‘j}v (5.28)
Oma (P1, P2, P3) = Iggjx{%}- (5.29)

Note that only the choice of émin is a "collinear safe” choice, but in the quest for studying soft
physics we are not limited to strictly or non-strictly collinear safe observables either.

In addition, to the inclusive final state energy correlations we looked at energy correlations
within two exclusive jets clustered using the Durham kp-algorithm and computed the ENC,
on the set of particles within each jet and scaled the overall observable by 2 (the number of
jets) such that the normalization to unity is recovered.

Note that unless otherwise stated all plots of the energy correlations were performed at the
COM energy of the LEP Z pole measurements. In figure we display the multiplicity dis-
tribution of each exclusive jet as a sanity check and to compare the results to the angularities
for « = 8 = 0.1 in figure One can clearly see that for pure multiplicity the aligned CD
does agree with the rest as expected, which proves that the angularities for « = § = 0.1 are
not exactly the same as the multiplicity distributions.

For the IR dangerous and not "collinear safe” STA E3C. (6max) observable, which we present
in figure for the same CF (left) and CD (right) model variations, we can clearly see
that the CF model is more sensitive than the CD model. Except for the fully aligned CD all
CD models are essentially the same for large enough angles 0,5, while for the CF models
there are some differences even though only < 20 %. Since this observable is IR-dangerous,
we would expect large corrections also from the perturbative regime. Indeed the CF model
seems to have quite an impact on the E3C,(0max) observable. Interestingly however this
particular observable seems to be quite indifferent to the CD model. This could originate
from the fact that our CD model is only decaying clusters to two hadrons, which are most
likely the closest in angle and therefore are ignored by .-

If we compare these findings to the IR safe observable WTA E3C, (fmax) observable, which
we show in figure one can see that the CD model suddenly becomes sensitive to a similar
extent as the CF model. Let us recall what the WTA (STA) scheme exactly means: We take
only the triplet of hadrons from the jet (or an event) whose product wj;, = E; E;j E}, is maximal
(minimal for STA), which therefore tells us that the three hardest hadrons from a jet (or an
event) are influenced much more strongly by the CD model because their corresponding
clusters are carrying a large amount of momentum. On the contrary, the softest hadron
triplet most likely originates from low momentum clusters and therefore its constituent’s
momentum is most likely isotropically distributed, which washes out any CD model effects.
So in conclusion the STA E3C,,(fmax) observable is able to discriminate between CF and CD
models.

36Since the sums in equations (5.26)) and (5.27) run only over non-equal particles compared to e.g. .
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If we compare the three point correlations E3C, (6max) with two point correlations E2C (6),
we can see some differences. Comparing STA E3C,(fmax) correlation in figure with the
STA E2C, () correlations, which we display in figure we can see that there are very
few differences, but the sensitivity of the CF model is more pronounced in the three-point
correlations. This is expected since the maximum of the angular distances for a triplet of
hadrons gives us a handle on earlier angular scales compared to the two-point correlations.
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Figure 5.19: The normalized jet multiplicity of two exclusive KT jets. We show a variation
of the cluster fission models with the ¢-channel like cluster decayer (left) and the different
cluster decay models with the Herwig default cluster fission (right).
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Figure 5.20: The energy correlator E3C, (0max) of two exclusive KT jets using the STA scheme
(v = —o0). We show a variation of the cluster fission models with the ¢-channel like cluster
decayer (left) and the different cluster decay models with the Herwig default cluster fission
(right).

Similarly in figure we display the WTA two point correlations E2C,(¢), which compared
to their corresponding WTA three point correlations E3C, (0max) of figure yields quite
similar results, but again the three-point correlations do show a little bit stronger variation.

We now want to compare the difference of the three point correlations in the WTA scheme
depending on 0, /max- Comparing figures and we can see that these observables
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are indeed different, but overall they do agree in their response to different models qualita-
tively, even though the statistics are of course different®”. We also compared the IR safe and
“collinear safe” versions i.e. v = 1, but did not find any significant difference compared to
other values of 7.
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Figure 5.21: The energy correlator E3C(fmax) of two exclusive KT jets using the WTA
scheme (7 — 400). We show a variation of the cluster fission models with the ¢-channel like
cluster decayer (left) and the different cluster decay models with the Herwig default cluster
fission (right).
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Figure 5.22: The energy correlator EEC, () of two exclusive KT jets using the STA scheme
(v = —o0). We show a variation of the cluster fission models with the ¢-channel like cluster
decayer (left) and the different cluster decay models with the Herwig default cluster fission
(right).

Another interesting observation is the behaviour of the correlations at different COM energies.
Therefore we display the inclusive (no jet algorithm used) E3C,(fmin) and EEC,,(0) in figure
for STA and in ﬁgurefor WTA at /s € {10.58 GeV, 91.2 GeV}, which correspond to
BELLE and LEP COM energies. One can clearly see as expected that the WTA correlations

3TFor Omax the small angles have poor statistics compared to Omin, while for f,in the contrary is the case.
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at different /s in figure are substantially different. This is expected since the hardest
hadrons of course depend on the COM energy. However, it is far from trivial that the STA
correlation comparison in figure are supposed to be similar. Of course there are some
differences in figure but those might be explained by larger power corrections for the
BELLE energy correlations. The fairly similar results in figure seem to indicate however
a vindication of hadronization universality since with the STA scheme we are probing the
soft correlations of an event. One might be tempted to think that this happens due to the
usage of energy weighting instead of |p] weighting, but this was cross-checked by running the
simulation with both weighting schemes, which had an irrelevant impact on all correlations.
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Figure 5.23: The energy correlator EEC, () of two exclusive KT jets using the WTA scheme
(v = 400). We show a variation of the cluster fission models with the ¢-channel like cluster
decayer (left) and the different cluster decay models with the Herwig default cluster fission
(right).
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Figure 5.24: The energy correlator E3C, (6min) of two exclusive KT jets using the WTA
scheme (y — +00). We show a variation of the cluster fission models with the t-channel like
cluster decayer (left) and the different cluster decay models with the Herwig default cluster
fission (right).
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Figure 5.25: The energy correlators E3C, (0min) (left) and EEC, () (right) inclusive over the
whole event using the WTA scheme (y — +00) for v/s € {10.58 GeV, 91.2 GeV}. Here both
plots are made with the Herwig default cluster fission and decay.
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Figure 5.26: The energy correlators E3C, (Omin) (left) and EEC,(6) (right) inclusive over the
whole event using the STA scheme (7 — —oo) for /s € {10.58 GeV, 91.2 GeV}. Here both
plots are made with the Herwig default cluster fission and decay.

5.6 Conclusions and Outlook

In this chapter, we have implemented a perturbatively inspired matrix element cluster fission
model - via a quasi-soft gg-emission - and a phenomenologically inspired matrix element
cluster decay model, which was motivated by a more seamless transition from the CF model
to the CD model . We studied its phenomenology and discovered that some issues in
correlation observables such as the di-hadron fragmentation functions could be resolved, while
still maintaining agreement with the momentum spectra of baryons and minor improvements
in some momentum dependent event shapes. In particular, we also showed in figures
that just the pure flat mass phase space is not enough if the directionality is sampled fully
aligned for the cluster fission. In fact, we found in figure as expected that the full matrix
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element dependency leads the cluster fission to become very similar to the parton shower,
which we already hinted at before.

In addition, we also explored the effects of the CF and CD models on more theoretical observ-
ables such as the generalized jet angularities and the weighted multi-point energy correlations.
We found parameter ranges for these observables, which are able to discriminate between the
CF and CD models i.e. observables that are either much more sensitive to the CF model or
the CD model while at the same time being rather insensitive to the respective other model.
In particular, we also explored the regime of IR dangerous observables in figures and
for the correlations, which surprisingly appeared to be quite insensitive to the CD model.
Additionally, we showed that the IR dangerous STA scheme correlations in figure only
depend weakly on the COM energy, which we interpret as a vindication for hadronization
universality at least for the studied energies. It would be therefore very interesting to mea-
sure such correlations and the discriminating angularities in eTe™ experiments also at varying
COM energies.

We stressed however that in terms of baryon production, e.g. during CF, the model we
provided crucially relies on the diquark assumption, i.e. that the matrix element cluster
fission treats a diquark as an effective anti-triplet state with different mass without any
substructure. In particular, it would be interesting to study the emission of two quasi-soft qg
pairs and study its IR and collinear limits in order to have a clearer picture of more reasonable
baryon production. Also, the interleaving of the CF with the CR model could be relevant
to the baryon production, which we leave for future work. For this to happen however also
the performance of the matrix element cluster fission has to be drastically enhanced, which
would be also necessary to run this model for MB LHC observables in reasonable time scales.

There are also some other features that are still missing in the present model. We have kept
the flavour sampling weights as tunable constants, but in principle these weights could be
also computed by sampling them from the matrix element, which could lead to an even more
predictive hadronization with fewer free parameters. Strongly related to this is the precise
value and the potential scale dependence of the constituent masses, which in the new model
are much more important for a reasonable description of the data.

So far we also implemented only a phenomenological matrix element for the cluster decay in
order to give a smoother transition from the CF to CD model, but in principle the computa-
tion of such parton to hadron transition amplitudes is possible using so-called Bethe-Salpeter
amplitudes as has been laid out in [7]. This could of course guide or even replace our phe-
nomenological choice and tell us more about the actual process of confinement.

Additionally, we believe that one of the major goals in cluster hadronization is the develop-
ment of a truly IR safe cluster hadronization model, which in its current form is not the case
due to the forced NP gluon splitting. This thesis and plenty of other studies , are trying
to approach this goal.



CHAPTER O

Diquark Colour Reconnection

Colour Reconnection (CR) is a crucial feature of QCD especially for high energy pp colli-
sions, where the colour connections of different MPIs are ambiguous and CR tries to restore
reasonable colour connections by rearranging colour singlets. CR is typically reducing soft
particle multiplicity production resulting in increased average momentum. However, CR is
not only important for soft particle production but also one of the dominant uncertainties of
the top quark mass measurement . In particular, determining the CR uncertainty is also
a very active field of research as we have assessed in @ Furthermore, CR and its interplay
with hadronization also plays a crucial role in Jet Sub-Structure (JSS) studies, which we
have examined in an unpublished study starting from [6]. In fact, the interplay of CR and
hadronization is also emergent from the colour evolution equations in [7].

Since the perturbative Parton Shower (PS) is in our case only LC accurate, baryonic singlets
are not formed after the PS has finished and the gluons are split Non-Perturbatively (NP)
to qq pairs. Therefore only mesonic primordial clusters are produced, which in our case are
completely oblivious to the rest of the event if no CR is imposed. In fact, similar to CR there
exist also so-called coalescence models such as AMPT , which coalesce the partons to
colour singlets in order to restore some subleading colour correlations. However, the formation
of baryons in high energy collisions still remains a mystery as we have seen in chapter |4] that
different baryon production mechanisms have different phenomenological consequences. In
fact, in the large N, limit a (anti)baryon, which is the totally antisymmetric combination of
N, (anti)quarks, is a possible state but has a mass proportional to N, according to and is
therefore impossible to produce with a finite COM energy and a finite number of (anti)quarks.
Therefore baryon production is a subleading colour effect, which can be achieved by CR as
we already mentioned by e.g. BCR discussed in section As also mentioned in section
the BCR model of Herwig has been quite successful in describing the observed baryon-baryon
suppression in close-range correlations measured by ALICE [139H143], however it is still not
able to produce enough baryons at LHC collisions let alone LEP collisions.

While in Pythia the new CR model [167][168] has the so-called baryon junction-antijunction
pair topology, the cluster equivalent CR topology has been missing in the current CR model
of Herwig. It is noteworthy that due to the interpretation of the gluons as kinks in the string
model, many more topologies are available in the string model case, while for the cluster
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model due to the NP splitting of gluons to gg, cluster colour singlets can only be formed from
quarks and antiquarks.

This present study aims at discussing the cluster equivalent of this junction-antijunction
topology and the associated approximations used in order to build a viable CR model for such
topologies. The goal of this chapter is to introduce this new so-called diquark cluster state
and develop an algorithm that can produce all possible CR topologies including this new
state in order to study its phenomenology.

6.1 The Diquark Cluster and The Diquark Approximation

As already mentioned before, after the primordial clusters are formed, we are left with only
mesonic type clusters®® consisting of a quark and an antiquark in the colour singlet state. In
general, any type of cluster must be a colour singlet. Since in general we have an arbitrary
- up to baryon number conservation - number of quarks n, and antiquarks ng in the event
after the NP gluon splitting, colour reconnection would correspond to the task of finding
all possible singlets 1 in the decomposition into irreducible representations of the following
tensor representation:

Nirrcp
397 @ 3% = (P Ry, (6.1)

=1

R . =R®...®R, (6.2)
N—_———

a times

N

PR =Ri@... 0 Ry. (6.3)

=1

Here the specific values of the irreducible representations R; can be computed by the usual
Young tableau’s. Of course for large numbers of ny, ng this is a difficult task even without
gluons, which of course are in the adjoint 8 representation. In the case of finding all colour
singlets in the n-th power of the adjoint tensor representation 8" the number of singlets
grows quite fast as has been shown in , which makes the sampling space of all possible
singlet configurations too large for practical purposes. Therefore it is useful to essentially
employ a divide and conquer strategy to tackle this issue. In this spirit, the goal is to
subdivide the total system of n, quarks and ng antiquarks into singlet subsystems of at most
three mesonic clusters. It is useful to define the basic decompositions of the tensor products
among the fundamental 3, the anti-fundamental 3 and the adjoint 8 representation, which

are given by [171]:

33=801, (6.4)
33=603, (6.5)
33=63, (6.6)
8R8=27T91001008®8® 1, (6.7)
83=15060 3, (6.8)
83=1506 3. (6.9)

Note that here we find singlets only for a quark-antiquark pair and for a glue-ball i.e. two
gluons. Furthermore, we find that the tensor product of two quarks decomposes into an

38 For pp collisions we would also have two proton remnant clusters, which consist of a quark and a diquark, but
the diquark is effectively treated as an antiquark with different mass.
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antiquark representation and vice-versa. While on the other hand adding a gluon® to a
(anti)quark still results in the same (anti)fundamental representation.

From these relations we can easily derive the baryon and antibaryon singlets as the following:

333=1008®8d1, (6.10)
333=100808a1. (6.11)

However, another possibility for generating a singlet is by tensor-multiplying equations (6.5)
and to get a so-called tetraquark:

33R33=27T0100100808B8®8p1d 1. (6.12)

Note that since such tetraquark configurations have been measured as a bound state by
LHCb [172] we will call this cluster configuration diquark cluster since a cluster is an unbound
colour singlet state and not an actual exotic hadron such as tetraquarks.

Now if we ignore the glueball states since we only have quarks and antiquarks, we have the
following possible singlet states if we start from three mesonic clusters C;(g;, }):

1. Three different mesonic clusters.
2. One baryonic and one antibaryonic cluster.
3. One diquark cluster and one mesonic cluster.

Therefore we can identify all possible CR, topologies for a three mesonic cluster subsystem as
the following, where we denote mesonic clusters M/M’, baryonic/antibaryonic clusters B/B
and diquark clusters as D:

e Mesonic CR: 3 M — 3 M.
e Baryonic CR: 3 M — B, B.
e Diquark CR: 3 M — D, M.

For the case of only two mesonic clusters we also get an additional diquark topology such
that in total we get the following two options:

e Mesonic CR: 2 M — 2 M.
e Diquark CR: 2 M — D.

So in fact we are able to generate a diquark cluster with only two mesonic clusters, which
later will split into a baryon-antibaryon pair, with only two mesonic clusters.

Let us discuss what this tetraquark-like diquark cluster state actually is and how the hadroniza-
tion model deals with diquark clusters in the aftermath. A primordial diquark cluster
C(q1, g2, @3, Ga) consists of two quarks ¢, ¢ and two antiquarks g3, g4, which is then re-
duced to a true diquark cluster C[(qi1g2)r, (g3G4)s|, where r, s are the lowest possible spin
state. This diquark cluster is then treated - during the CF and the CD - as a two parton clus-
ter, which completely loses the information of the individual constituents ¢q, g2 and g3, s
respectively. This is of course a considerable assumption, which is not always guaranteed
to hold. Therefore it is useful to introduce a measure on the constituents, which tells us
how good this approximation actually is. Since a diquark is effectively a composite state of
two quarks, which are close in phase space a reasonable measure is the total invariant mass

31n principle any number of gluons.
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Mg 4o = V(@1 + ¢2)? of the two-quark system and correspondingly for the two antiquark sys-
tem. One can think of this measure as a closeness measure of the two (anti)quarks. However,
since the constituents are not massless it is useful to scale out the masses in order to yield
the following closeness measure Ay, 4,, defined as the following:
S g2 — Mgm
Agyg = LB "Ml 5 (6.13)

Mg, Mgy

Note that this dimensionless quantity is Lorentz invariant’® and the equality to 0 holds for
two quarks moving in the same direction with equal momenta, which is indistinguishable from
an antiquark state with mass (mgq, + mg,). The larger the value for A, 4, becomes, the less
reasonable the approximation of the two-quark system as a single diquark.

Note that we also use a similar approximation for baryonic clusters C(q1, g2, g3), which are
reduced to two parton diquark-quark clusters C[(¢iq;)r, qx], where i # k # j # i. In the
case of baryonic clusters however the diquark constituents are chosen such that the invariant

mass of the diquark is minimal i.e. (4, j) = argming .,y 1£m {\/ (@ + qm)Q}. This choice still
allows for potentially large diquark masses but is still better than the only choice available
to diquark clusters. In particular, such quark diquark approximations have been also used
in lattice QCD and other NP approaches such as solving the Bethe-Salpeter equations using
functional methods ( see the review [173] ), but typically only for the actual NP formation of
a baryon bound state and not like in our cases an unbound baryonic cluster state.

We want to stress however that there is nothing wrong with baryonic or diquark clusters vio-
lating the assumption that we can treat them as effective diquarks, but the reduction of bary-
onic and diquark clusters to two-component clusters gives us a much easier one-dimensional*!
handling for the CF and CD models. So ultimately if a CF and CD model is developed that
can deal reasonably with three-dimensionally extended three and four component clusters, we
would not be limited by this diquark approximation and could assess the phenomenological
impact of the diquark approximation on the observables. In Pythia such a three-dimensional
treatment is available by the string dynamics, but nonetheless some challenges and choices

still remain an open field of research .

6.2 The Diquark Colour Reconnection Algorithm

Since we have now determined all possible cluster singlets, we can try to incorporate the new
diquark cluster into the existing baryonic CR model, which we briefly discussed in subsection
and is discussed in detail in [123]. We use the same rapidity based definition as in
equation (3.47). Therefore if we have a cluster Ca(ga, ¢a) and compute the rapidities of a
second cluster’s Cp(qp, ¢p) constituents in the Cy COM frame we get the following;:

1 E +2'§B:|
=—1lo (137H, 6.14
= o | g (6.14)
1 E;p +2-qp
Yag = D) log [qBA—»] . (6.15)
EQB_Z'QB

Here as before Z is the direction parallel to the first cluster’s antiquark g4 in its COM frame.
Similarly in the COM frame of C'4 we define yq., yg., for a third cluster Cc(qc, gc). In figure
we show a sketch of the COM frame choice and the possible CR topologies.

1%and therefore frame independent.
41By one dimension we mean the original extend of the two parton cluster, which in its COM frame has only a
one dimensional extend.
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Figure 6.1: A sketch of the possible CR topologies for the diquark CR algorithm, where we
can have mesonic CR (left), baryonic CR (bottom) and the new diquark CR (right).

For the diquark CR algorithm we have to colour reconnect the existing mesonic clusters®?,

2

which we denote by the set Cgtar, to a new set Csiop, which contains mesonic, baryonic and
diquark clusters. The algorithm then proceeds as follows:

1.
2.

9.

Shuffle the set of clusters Cgtart to avoid a systematic bias.

Pick the next mesonic cluster C'y4 from the set Cgart.

. Pick the next mesonic cluster Cg£4 from the set Csart and compute y,, and yz,, which

falls into one of the following categories:
e Quark-Antiquark (QA) aligned for y,, > 0 and yg, < 0 (left in figure .
e Quark-Quark (QQ) aligned for y,, < 0 and yg, > 0 (right in figure .
e Neither for every other case. In this case, we continue and go to [3|

We compute the closeness measure ysum = |Yqz| + |yg5| between Cy and Cp and keep

track of the maximal y™% and next-to-maximal 8% value.

. Go back to |3, and repeat until the all combinations have been tried.

. If the maximum yg > is of QA-type mesonic CR is performed with a probability of Py;.

If the maximum y™ is of QQ-type and if % is of QQ type baryonic CR is performed

sum sum

for the three clusters C'4, Cp, Cc with a probability of Pg (bottom in figure .

. If the maximum ™% is of QQ-type and if y\™28% is of QA type diquark CR is performed

sum sum

for the C'4, C'p clusters with a probability of Pp (bottom in figure[6.1). The third cluster
C¢ remains untouched.

Go back to |2 and repeat until every cluster has had the chance to be reconnected.

“2We do not allow for the diquark containing beam remnant clusters to colour reconnect to diquark clusters.
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Here we implicitly assume for the mesonic type CR that the reconnected clusters do not
originate from a gluon, which is of course an octet and not a colourless singlet. This constraint
can be alleviated by the interface ColourReconnector:0OctetTreatment, which for the setting
A1l prevents all octet clusters (default setting), for Final prevents only octet clusters that
would originate from the last ¢ — qg splittings or for None allows all octet clusters to form.
Note that the latter option is not meaningful since it will produce many clusters of exactly
the gluon constituent mass my, since this is set to a static value by default even though the
option for a dynamical gluon constituent mass has been explored in [94].

For diquark clusters there are no restrictions from possible octets since we could have either
two gluon clusters - which are allowed to form a glueball singlet cluster - or a singlet cluster
and a gluon, which also can form a singlet. For baryonic clusters similarly there are also no
restrictions, where a baryonic singlet could consist of up to three gluon octets.

Note that this algorithm is very similar to the baryonic algorithm from [123], which makes it
easier to discuss the phenomenology of these new diquark clusters relative to the baseline of
the baryonic algorithm.

After the algorithm has terminated the baryonic and diquark clusters in Cgop are reduced
all to two-component clusters using the diquark prescription discussed in section before
the clusters are passed on to the cluster fission. As discussed before this reduction to di-
quarks is needed by our hadronization model, which is the reason why we optionally allow
imposing an additional cut Apax on the Ay, 4, and Ag,g, defined in equation for all
generated diquark clusters. In the code this cut Ap.x can be set using the interface Colour-
Reconnector:CutDiquarkClusterFormation such that Ay, ., < Amax and Ag, g5 < Amax
is guaranteed.

6.3 Phenomenology Of The Model

Now that we have defined the new Diquark CR (DCR) algorithm, we can explore its phe-
nomenology and compare it to the Baryonic CR (BCR) algorithm. For this purpose, we use
mostly MB data from LHC for pp collisions at 7 TeV as well as some custom Rivet
analyses to dissect the cluster distributions. In this section we used - unless otherwise stated
- a maximum lifetime cut of ¢r > 10 mm, as(Myz) = 0.1185 for ISR and FSR in the CMW
scheme, the ColourReconnector:0ctetTreatment All, the static threshold option for the
CF model and do not impose the diquark cluster formation cut Ap.x. Furthermore, we used
the default CF and CD model for the plots of this section, which is the reason why caution
is advised in the interpretation of all of the following results since all of the following observ-
ables are strongly correlated with the hadronization model that has been used. Since we are
especially interested in the baryon production mechanism from the CR we also turn off all
other baryon production mechanisms by setting PwtDI = 0 and therefore disabling the CF
and the CD model baryons. Due to all of these settings our results will not agree precisely
with the most recent tune of Herwig 7.3.0 even though all remaining parameters used are
set to their tuned values from the said version.

In figure[6.2| we display the BB and BA correlations varying the reconnection probabilities Pp
and Pp for the new DCR model alongside the default BCR model in red. Since for the baryon
production we are only interested in baryons we keep Py; = 0 for these plots. We can clearly
see that consistency with the BCR model is achieved if no diquark clusters are produced
Pp = 0 (blue), which is to be expected since also the selection of clusters is very similar.
Furthermore, for increasing value of Pp, the suppression in the BB correlations is more and
more reduced but still present. Also this should be expected since as already mentioned the
suppression most likely originates from the fact that we generate a quark sink in the phase
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Figure 6.2: The BB and BA correlations of MB pp collisions at 7 TeV measured by ALICE
[137] (public Rivet analysis ALICE_2016_I1507157) for different values of the reconnection
probabilities Pys, Pp and Pp using the DCR algorithm. The red line corresponds to the
default tuned BCR algorithm with PwtDI = 0. Note that for the DCR simulations, we
display only the non-zero parameters for Py;, Pp and Pp.

space region, where the quarks of the diquark cluster are and vice-versa for the antiquarks,
just that now only two instead of three quarks are recombined to a (future) baryon. Because
of this it is expected that the suppression is smaller for diquark clusters compared to the
baryonic clusters. Note however that in figure the CF and/or CD model baryons are not
included, which will have a negative impact on the BB correlations as we have already shown
in figure since they are responsible for slight near sided correlations. In figure we also
show exemplary with Cp;(A¢) that the BA type correlations do not show a significant change
compared to the regular BCR algorithm with maybe the exception of the pure diquark CR
(green), which appears to produce slightly more correlated pp pairs.

As mentioned before the CR is strongly correlated with the hadronization model as we already
discovered in chapter[4. This is particularly problematic for correlation observables since they
probe the correlations within an event. Therefore we examined the effect of the new ¢-channel
CD model (described in section on the BB and BA correlations, which are displayed in
figure One can clearly see that compared to the default isotropic CD model of figure
the BB correlations yield a much stronger suppression in the near side region and the BA
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Figure 6.3: The BB and BA correlations of MB pp collisions at 7 TeV measured by ALICE
[137] (public Rivet analysis ALICE_2016_I1507157) for different values of the reconnection
probabilities Pys, Pp and Pp using the DCR algorithm with the new ¢-channel like CD
discussed in[5.3l The red line corresponds to the default tuned BCR algorithm with PwtDI =
0. Note that for the DCR simulations we display only the non-zero parameters for Pys, Pp
and Pp.

correlations form a stronger correlation in the near side. The overall phenomenology discussed
before is still valid qualitatively, but quantitatively the variation is less strong among different
parameter values. This can be explained by the fact that the diquark clusters are forced to go
through the CD model and therefore would lose their correlation information if the CD model
is sampling isotropic directions instead of having a bias aligned towards the constituents of
the cluster. Note that this change in the CD model affects most strongly the correlation
observables and to a lesser extent the other typical MB observables.

For the same model parameters we also plot in figure the pr distributions for the p, A and
=~ baryons and for the 7% mesons as measured by ALICE and CMS . Regarding
the baryons one can see that the BCR Pp = 1 baryons and the Pp = 1 diquark cluster
baryons differ in the low pr region, where the BCR baryons are too suppressed compared
to the diquark baryons, which more closely match the data with the exception of the =~
baryons. We can see again that many effects are at play here (in particular the diffraction
and hadronization model) since what appears to be agreement with the data for protons
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Figure 6.4: The pr spectra of n%, p, A and Z~ of MB pp collisions at 7 TeV mea-
sured by ALICE and CMS (public Rivet analyses CMS_2011_S8978280 and AL-
ICE_2015_I1357424) for different values of the reconnection probabilities Py, Pg and Pp
using the DCR algorithm. The red line corresponds to the default tuned BCR algorithm with
PwtDI = 0. Note that for the DCR simulations we display only the non-zero parameters for
Py, Pg and Pp.

does not need to hold for == baryons. Note however that the strangeness production of the
hadronization can also be responsible for this difference and a proper retune is necessary
in order to make claims on individual baryon species. However, what can be said is that
relatively speaking the DCR, mechanism produces more soft baryons. The pion distributions
are substantially altered, but this can be explained by the fact that we choose Py; = 0, which
does explain the difference compared to the default. Nonetheless, it appears that also for the
pions the pp distribution shifts to lower values the more Pp increases.

In order to assess the effects of this new DCR algorithm on more inclusive observables without
Particle IDentification (PID) information we display in figure the charged multiplicity
Nen, (pr)(Nen) and pr distributions for the same variations as before but with the additional
purely mesonic CR Py; = 1 and Pg = Pp = 0 of the DCR algorithm (purple). It can be
clearly seen that the mesonic CR is the backbone of these MB observables and shows a similar
behaviour to the default BCR algorithm. Without mesonic CR the large rise of (pr)(Nen)
demanded by the data cannot be achieved and in particular the diquark clusters are almost
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Figure 6.5: The N, and pr (p, in plot) spectra (left) and the observable (pr)(Ng,) for
different pr cuts (right) of MB pp collisions at 7 TeV measured by ATLAS (public Rivet
analysis ATLAS_2010_38918562). We varied the reconnection probabilities Py, Pp and Pp
using the DCR algorithm. The red line corresponds to the default tuned BCR algorithm with
PwtDI = 0. Note that for the DCR simulations we display only the non-zero parameters for
Py, Pg and Pp.

completely unable to produce a rising (pr)(Ney), while on the other hand the baryonic clusters
do contribute to this observable. Note that for the pr > 100 MeV we can observe a drop
in (pr)(Nen) towards large N, which might be connected to our diffraction model, which
produces a lot of low pp hadrons, or to the specifics of our hadronization model, which does
not produce enough pr due to the aligned CF, or also to the remnant treatment of clusters.

Similar effects are also visible in the N, and pp distribution (figure , which show too
much high multiplicity and low pp events for Pp = 1, which is typically resolved by CR
reducing multiplicity and increasing pr. One explanation for the inability of the diquark
cluster CR could be that instead of actually producing two new clusters - like in the case of
baryonic CR - two clusters are just stuck together such that their pr does not really sum and
therefore increase, since the diquark cluster has to first fission/decay, which costs momentum
that needs to be invested in producing the mass of the ¢ pair that needs to be popped from
the vacuum. In that sense this diquark CR is maybe more related to the popcorn mechanism
in Pythia [153].
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Figure 6.6: The N., and pr (p, in plot) spectra (left) and the observable (pr)(Ng,) for
different pp cuts (right) of MB pp collisions at 7 TeV measured by ATLAS (public
Rivet analysis ATLAS_2010_S8918562). The reconnection probabilities Py; = Pp = 1 and
Pp = 0 have been used with the DCR algorithm, varying the imposed cut on diquark cluster
formation Apax from Apax = 00, i.e. no cut (red), Apax = 10 (blue), Apax = 3 (green) and
Apnax = 04 Pp =0, i.e. no diquark CR (orange).

In order to assess if this behaviour of the diquark CR algorithm can be attributed to the
diquark approximation that has been used, we displayed in figure the DCR algorithm
results for Pyy = Pp = 1 applying and varying the cut on the Ap.x, which we defined
previously. Since in these plots we have allowed for mesonic CR, the results are much closer
to the data than in figure but nonetheless we can see some differences in the multiplicity
distribution. In fact, one can think of the plots in figure as the variation of the Ap.y €
{00, 10, 3, 0} cut and we can see some interesting non-linear behaviour, which might be
connected to the interplay of the diquark CR with the mesonic CR. One can see that the
relatively inclusive Apax = 10 cut is already sufficient to mostly restore the rise in (p7)(Nep)
in figure compared to the default BCR simulation.

In the quest of dissecting the behaviour of this cut, we display in figure the distribution
of diquark cluster masses just after CR and the diquark cluster’s originating clusters pr
distribution after the CF with different A ax cuts. As one would expect due to the cut
on the invariant mass of two constituents the diquark cluster mass distribution gets shifted
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Figure 6.7: The diquark cluster mass Mg distribution after CR and the pr distribution of
all clusters that originate after CF from a diquark cluster of MB pp collisions at 7 TeV. The
reconnection probabilities Py; = Pp = 1 and P = 0 have been used with the DCR algorithm
varying the imposed cut on diquark cluster formation A,y from Ay = 00 (red), Apax = 10
(blue) and Apax = 3 (green).

towards lower masses the smaller the upper cut Anax is. However, more interestingly is the
effect on all clusters that originate from a diquark cluster, which appear to develop a soft peak
the lower the cut is. This might also explain the difference in the (pr)(Ne,) for pr > 100
MeV between the distribution without this cut (red) and the distribution with the cut in

figure

So in general the phenomenology of this DCR algorithm is quite similar to the BCR algorithm
with the exception that it is now possible to more efficiently produce baryons also for lower
multiplicity events, which can be used to reduce the CF/CD model baryons in order to be
more consistent with the BB and BA correlations. To study more in detail the multiplicity
dependence of CR and in particular for baryon correlations, we advocated for multiplicity
binned analyses, which have been conducted in [139H141]. Although we have not provided
yet a full tune of this model we still plan to do so with potentially the new matrix element
CF model, which is however still too inefficient to attempt such a tuning endeavour.

We have now also seen that the baryon and diquark cluster CR have a substantial impact on
the (pr)(Nc,) observable if they are not overpowered by mesonic CR. It would be very useful
to have a measurement on the (p7)Baryons(INch) Observable, where the average runs only over
the baryon pr momenta such that we could get a better probe on how baryons are generated
from CR. Some studies of this observable exist already e.g. measured by ALICE and
for the mean number of baryons as a function of multiplicity (NBaryons)(/Nen) from ,
measured by ALICE, but unfortunately no public Rivet analysis is available yet.

6.4 Conclusions and Outlook

In this chapter, we have presented the diquark cluster singlet state and developed a new CR
algorithm, which includes the efficient formation of such clusters. We have discussed the
possible topologies and the selection algorithm of this new Diquark CR (DCR) algorithm and
studied its phenomenology . In particular, we found that the results are only reasonable
if one imposes a cut on this diquark cluster formation, which is related to the approximation
of this diquark cluster as a diquark-antidiquark cluster. However, we note that this is not
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necessarily an issue since our hadronization model is just incapable in its current form of
dealing with a diquark cluster which has a higher dimensional substructure.

We have also found that if we change e.g. the CD model to a more aligned t-channel like
model (which we discussed in section[5.3)), the resulting correlations are less washed out and
the BA correlations exhibit a stronger suppression also for the new diquark topologies. We
noted however that this is not yet the complete answer to the baryon production since the
CF/CD baryon production has been turned off completely and for a more complete model
a fully fledged tune will be needed. Therefore it should be clear that the hadronization and
CR model are strongly correlated.

In fact, as mentioned previously the hadronization model should be interleaved with the CR
model especially since this would also allow for the production of more mesonic clusters,
which could be reconnected by the baryonic CR to new baryonic clusters. This interplay
goes beyond this thesis but will be addressed in future work. However, it is also necessary
to increase the performance of the matrix element cluster fission discussed before in order to
study the interleaving of the CR and the CF model.

In terms of observables it would be very interesting to compare predictions for doubly or triply
heavy quark baryons from our microscopic model versus other statistical/thermal
models e.g. to assess whether thermal effects are responsible for the formation of multi
heavy quark baryons.






CHAPTER [

Dynamic Colour Reconnection from Soft Gluon Evolution

As we have seen in the previous chapters [4] and 6| phenomenological CR models are able to
describe a plethora of MB observables such as charged multiplicities N, pr and 7 distribu-
tions, (pr)(Nen) and even multiplicity correlations for baryons. However, all of those models
depend on phenomenological parameters, which need to be tuned to the available data and
therefore limit the predictivity of such models. This tuning is typically performed mostly only
with MB data and is therefore not guaranteed to yield a reasonable description for less inclu-
sive and more differential observables. Furthermore, generalizing phenomenological models
such as the model we presented in chapter [6/to more complicated CR topologies will increase
the number of a priori not known parameters additionally. It is therefore important to de-
velop CR models beyond phenomenological arguments based on their underlying theoretical
mechanism, which in the case for CR is the colour exchanges between partons via soft gluons.
The theoretical foundations of such a CR model have been laid in , where also the
systematic expansion in N, has been discussed solidifying the claim that CR is a subleading
colour effect. Based on this soft gluon evolution picture we will build on the results of 8] and
develop an algorithm, which we will call dynamic CR, and discuss the necessary choices and
approximations that are necessary. Additionally, we discuss the phenomenology of some of
the already existing CR algorithms supplied with the dynamical CR probabilities.

In the following, we proceed with presenting the basis of soft gluon evolution from . Af-
terwards we will define the new diquark colour flow states and the subdivision of the whole
set of clusters into close-by sub-systems of clusters. Finally, we will describe the transition
probabilities and the implementation before showing phenomenological results .

7.1 Soft Gluon Colour Evolution

A general matrix element |A({p;})) can be expanded in the n!-dimensional overcomplete and
non-orthonormal basis of colour flow states |o) € S(n) as follows, where n is the number of
final state partons:

A{pi}) =Y As({pi}) o), (7.1)

where {p;} is the set of momenta and A,({p;}) are the colour flow coefficients of the matrix
element. A NLO matrix element |A({p;})) has Ultra-Violet (UV) and IR divergences, where
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the UV divergences can be absorbed into the counterterms and result in the running of the
coupling through the usual renormalization procedure . The IR divergences on the other
hand cause the evolution of the initial amplitude, which resums the large IR logarithms to
all orders in perturbation theory according to [181]. In Dimensional Regularization (DR) for
the IR singularity with the space-time dimensions D = 4 — 2¢, the IR renormalized matrix
element |A({p;}; 4?)) is defined as the following :

A{pi} ) = Z7 [{pi}s 112, €] x [Abare({Pi}; €)). (7.2)

Here |Apare({pi}; €)) is the "bare” IR regulated matrix element and Z[{p;}; u?, €] is the renor-
malization constant encapsulating the IR divergence regulated in DR at the IR renormaliza-
tion scale p. Since the bare matrix element is oblivious to the IR renormalization scale p,
the logarithmic derivative with respect to u? of |Apare({p;}; €)) must vanish, leading to the
following evolution equation [8]:

M(iszM({pi};u?» = T{pi}: 2] % |A(i}: 12)), (7.3)

C{pi}; ] = = lim Z7"[{p;}; u*, €] u2di22[{pi};u2, €. (7.4)

Here T'[{p;}; u?] is the so-called soft anomalous dimension matrix, which contains the IR
divergent structure as a residue. According to \§| the soft anomalous dimension T'[{p;}; 1°]
in the colour flow basis is given by the following:

T[{pi};i ] = =Y T T Yeusp(ars) log <_u;> + 7 (@) Tt (7.5)

Here T; is the colour charge operator generating a soft gluon emission off parton leg i,
Yeusp = @5/ (4m) is the cusp anomalous dimension to leading order and ~* is the soft anomalous
dimension of parton i, which is proportional to the identity in colour space. Since 7' is
proportional to the identity in colour space we neglect it, since we are interested in the
transition between colour states. For the indices i, j we use the convention of , where
i, j are defined as the ordered set {1, 1, 2, 2, ...n, i} and not the convention of [8][117].

Note that the first sum runs over all quarks, antiquarks and gluons. The kinematic dependence
is contained in s;; = (p; + pj)2 for p; and p; both outgoing or both incoming. In the case of
one incoming and one outgoing momentum s;; — —s;; in the above equation. Since we will
be assuming that all partons are outgoing, we can rewrite the logarithm as the following:

Sij Sij .
log <—) = log <> — . (7.6)
I I

Note that here the sign of the imaginary part comes from the Feynman prescription [182].

In order to calculate the soft anomalous dimension, we need to define the colour charge
operator T;, which is a n! x (n + 1)! dimensional matrix in colour flow space mapping a n
colour flow state to a n + 1 colour flow state. According to one can write this colour
operator as the following:

_ 1 _
Ti = )\z tci — )\z téi — ﬁ()\l — )\z) S. (77)

C
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Here we define the quark (antiquark) emission operators t., (tg), which correspond to the
emission off a quark leg ¢; (an antiquark leg ¢;), as the following actions on colour flow states
alongside with the singlet emission operator s:

_ 1 ... i ... n _ 1 .. A .. mn  n+l
te, lp) =te, | p(1) o0 o p(n)> = ‘p(l) Contl L pn) p(i)>7 (7.8)
_ 1 . i .. n |1t e e on nl\
te, p) =te o) T ol O p(n>> = ’p(l) TPl sy >—tp71<ci>|f’>, (7.9)
o 1 ..on n+1
s |p) = ‘p(n " p(n) p<n+1)>' (7.10)

Note that here p~ (i) is defined as the inverse permutation such that p H(p(i)) = i.
Here we define the constants \;, A\;, which are defined as the following for convenience:

N = {\/TR for ¢ gluon or quark S {\/TR for ¢ gluon or antiquark ‘ (7.11)

Y v T

0 else 0 else

Notice that the dot product defined in (7.5) is defined in such a way that the following

relations hold [183]:

ber b, 100 = | ol ol Dol st ) = 1P (7.12)
te, - te; lp) = Nelp), (7.13)
s-s |p) = Nelp), (7.14)
te, oS |p) =te s |p) =s -t |p) =s-tg [p) = |p). (7.15)

Here we define the colour reconnection operators t, - t.,, which are defined by exchanging
colours i and j leading to the swapped state |p;;))-

A general endomorphic operator in colour space O can be expanded in the colour flow space
in the following manner [38]:

O= > Oxlo)nl, (7.16)
o,peS(n)
Oup = [0]O1p). (7.17)

With the actual matrix elements O,, given in an orthonormal basis. Thus using relations
(7.12) we can get the matrix elements [7|T; - Tj|o) for i # j of the operator dot product
T; - T; using the completeness relations (2.23), which yields:

T T;= Y [7|Ti-Tjlo) 7)[ol, (7.18)
o,7€S(n)
_ _ 1 _ _
[7|Ti - Tjlo) = — Ne b0 |:)\iAj50'(Ci)vcj + A0 (c;), e T @(Ai =) (A = Aj) (7.19)
D Orayer (NiAida), () + AiAibian) (o100

a<b

—AiAO(ab), (eso (e5)) ~ Mﬁ(ab»(e;-wl(a))) :

Note that by (ab) the ordered pair of indices is meant such that (ab) = ba if b < a. These
matrix elements in the orthonormal basis will be useful for actual computations using matri-
ces.

The solution of equation (7.3) can be written as the following using the evolution operator
U:

JA({pi}; %)) = U ({pi}: p?, {M3}) [A(pi}; {M71)). (7.20)



88 7. Dynamic Colour Reconnection from Soft Gluon Evolution

Here U ({p:}; 1*, {M,LQJ}) is the soft gluon evolution operator and |A({pl},{ij})> is the
matrix element after the parton shower with MZZJ = (p; + pj)2 the invariant mass of the
primordial leading colour singlet clusters. We assume here that the parton shower has already
resummed the logarithms of the hard process of scale Q down to the typical PS cutoff of order
Qo, which then implies that M;; ~ O(Qo). Furthermore, we evolve the system down to a
lower IR scale p, which must satisfy p? < Mf] for all possible kinematics. The soft gluon
evolution operator is then defined as the following:

2
U ({pi}; 1, {M7}) = exp ZT T; /# dq as [log (?) —iT['] . (7.21)

7]
1 M2 M2
A exp ZTZ' - T Z—; [2 log? (;J) — imlog (g)] . (7.22)
oy a a

Note that in the last equation we approximate the running as(q) as constant, which allows
us to explicitly perform the integral. Looking at the structure of equation (7.22)), we assume
that the imaginary part of the exponential - the so-called Coulomb term - is negligible as has
been shown in . This suppression can be clearly seen explicitly if the logarithm is large,
but in addition also a lot of cancellation happens in the sum over partons in the off-diagonal
entries of the final matrix.

Now we can define the transition amplitude 7,_, from an initial colour state |o) at scales
{M } evolved towards a state |7) at a lower scale u? as the following:

Tomsr = (71U ({pi}; 1%, {M3}) |o) (7.23)
= Z (T IANNUlp)p|o)= Z (7| A) Uno- (7.24)
P, AES(n) A€S(n)

These transition amplitudes can then be used to compute the CR probability P,_,, for going
from state |o) to |7) as follows:

Tz |?
ZpGS ‘7?7—>p’

Pg->7- — (725)

Here the sum in the denominator runs over all possible singlet states, whose set we define as
S(n), which contains also the original state |o).

7.2 Mesonic, Diquark and Baryonic Cluster States

Since we have now defined the transition amplitudes, we can introduce the different types of
singlet states we can project onto. We define mesonic colour flow states |o) as the following:

olt) ol ) = lo(@) - a(@), (7.26)

which corresponds to the configuration of n mesonic clusters C'(gy, qg(k)) consisting of quark
gr and antiquark Uo(R)- Note that in practice not all of the Nyesonic = |S(n)| = n! possible
permutations are allowed because they could originate directly or indirectly (depending on
the OctetTreatment option) from a gluon octet. Without loss of generality®® we define our

“3Since we have only mesonic clusters before the CR.
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primordial cluster configuration to be the identity permutation |1) = |1 ... 7), which allows
us to define the mesonic CR probability as follows:
T1is-
Py, = (7.27)
T ZpGS |7-1%P’2

As already discussed in the previous chapter we can define a singlet diquark cluster state
)Dk]l> consisting of two quarks ¢;, ¢; and two antiquarks gz, g, for which we can express the

colour flow state as the following:

)D%> = ]\}D Z sgn(m)

1 - i
=% ( lk>) . (7.29)
Here Np is a normalization constant and the permutation 7 acts on the ordered set {k, [}.

The normalization of the diquark state is set to be equal to the normalization of a general
two colour flow state similar to [8] yielding the following:

ij ii\ 1 ar2
<DH ‘ DH> L N2, (7.30)

g
0 D)) (7.28)

2N, — 1)

< Np = N
(&

(7.31)

Note that even though we give the above expression for unspecified N., the diquark cluster
treatment relies on the fact that 3 ® 3 = ... @ 3 transform in the anti-fundamental represen-
tation and therefore requires N, = 3 in order to be meaningful.

Now we can define the colour flow state, which consists of one diquark cluster configuration
)D%][> and the remainder ) ﬁ%> being in some mesonic permutation state with the remaining

partons as the following:

‘Dg» ® |5) € S@2) @ S(n-2), (7.32)
~ij \ __ .on \ij
i) = ’pm N (7.33)
Note that the permutation p acts on the set {1, ..., n}\ {k, [} and therefore (n — 2)! dif-

ferent states are a priori possible. However, since we can choose a different set of partons
as the diquark state the maximal number of single diquark states Ngiquark(n) is given by the
following:

Naiquark(n) = (n — 2)! [(Z)] g n'”“;ml) (7.34)

Here the (n — 2)! comes from the remainder permutation group S(n — 2) and the binomial
coefficient since we choose 2 from all n quarks and the same for the antiquarks to make one
diquark cluster. It follows that Ngiquark(7) > Nmesonic(n) for n > 3, i.e. we have more diquark
states associated with mesonic states than regular mesonic states44

Now we can define the diquark cluster transition probabilities as the following;:

|T_>Dzj ® ~z]|
y - ;”u
Posni o5 = A, (7.35)
No= > 1Tl +3_0 D 1Toipi el (7.36)
pES(n) i<j k<l peS(n—2)

410f course some mesonic states might be forbidden due to octets or the overcompleteness of the basis since the
determinant of det({o | 7)) = 0 for n > 3 and N, = 3.
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Note that here we define a generalized normalization N, which ensures that diquark and
mesonic CR probabilities sum to unity.

ijk
T
sisting of three quarks g;, ¢;, qx and three antiquarks gy, @, ¢r, which we can define in the
colour flow basis as the following:

1
k
‘Blzim> N, E sgn(m)

TES(3)

As already discussed in we can define a baryonic-antibaryonic cluster state ‘B > con-

i ik
(D) =(m) () > : (7.37)

Here Np is a normalization constant and the permutation 7 acts on the ordered set {I, m, 7}.
The normalization Npg of the baryonic state is set to be equal to the normalization of a general
three colour flow state yielding the following:

<Blij7;ff Blf:> L N3, (7.38)
6(N, — 1)(N, — 2
o Ny = VO N)( ). (7.39)
C

Note that even though we give the above expression for unspecified N., we of course use the
fact that we can recombine three quarks and antiquarks to a baryon and an antibaryon, which
requires N, = 3.

Now we can define the colour flow state, which consists of one baryonic-antibaryonic cluster

pair configuration ‘Bl o ,> and the remainder p;—fﬂ 77> being in some mesonic permutation state

with the remaining partons as the following:

‘B;f:r> ® |5k ) € S(3)@ S(n - 3), (7.40)
~ijk .on \ijk
lmr> ’ p(@)\ T m F> ’ (741)
Note that the permutation p acts on the set {1, e ﬁ} \ {l, m, 7} and therefore (n — 3)!

different states are a priori possible. However, since we can choose different sets of (anti)quarks
for the (anti)baryonic state the maximal number of baryonic-antibaryonic states Nparyonic(7)
is given by the following;:

Noaryonic() = (n — 3)! Kgﬂ t_ L G ;)')5" ~2) (7.42)

Here the (n — 3)! comes from the remainder permutation group S(n — 3) and the binomial
coefficient is present since we choose 3 from all n quarks and also 3 from all n antiquarks in
order to make a baryonic-antibaryonic cluster pair. It follows that Nparyonic(1) > Nmesonic(7)
for n > 5, i.e. we have more baryonic states associated with mesonic states than regular
mesonic states45

Now we can define the baryonic-antibaryonic cluster pair transition probabilities as the fol-
lowing:

3 2
P Toumit & ﬁiiii‘ (7.43)
ijk “ijk = .
o= B © b /\/
_ 2 12
Y S S M
peS(n) 1<j k<l peS(n—2)

LD DD DD DI (I ﬁ%IQ' (7.44)

1<j<k l<m<F peS(n—3)

450f course some mesonic states might be forbidden due to octets or the overcompleteness of the basis.
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Note that here we include in the even more general normalization N, all CR topologies, which
ensures that baryonic, diquark and mesonic CR probabilities sum to unity.

7.3 Phenomenology of Two Clusters

In this section we study the derived transition amplitudes for a two cluster system and examine
how the diquark CR (DCR) probability behaves in contrast to mesonic CR (MCR). For a two
cluster system C1(q1, @2), C2(q3, Ga) we get the following matrix before the exponentiation:

—Ne(12 + Q34) Q13 + Q2q — Q12 — Q34
Q13 4+ Qo4 — Qo3 — Qg —No(Qug + Qa3)

as |1 M2 M? a M2
Qi = — | zlog? | —L | —inl ) = Zlog? | —2 ). 4
) A [2 0g (/}2) m Og(ﬂg )] 87 0g (/1/2 (7 6)

In the following, we will only work with the approximated €2;; as shown above by neglecting
the imaginary part. We can explicitly exponentiate this matrix, which yields the following
evolution operator U:

Q:=1logU= ) (7.45)

U o~ 3 (a+b) ‘ h( > VA coth <\/2Z> + N.(b—a) 2(c—a)
va 2 2(c — b) VAanh<f?>-4w@—a)’

(7.47)
where the corresponding variables a, b, ¢ and A are defined as the following:
a = Q34 + Q9, (7.48)
b= Qg + a3, (7.49)
c= Q3+ Qo4, (7.50)
A = a’N? — 4c(a +b) — 2ab(N? — 2) + b*N? 4 4c%. (7.51)

Note here that all €2;; > 0 since p? < MZQJ Now we can compute the three CR probabilities
Poocrs Pvcr and Ppcr for a general evolution matrix where we define U;; := U, with
o) =|12) — 1 and |7) = |21) — 2 as the following:

|Tia—12? Ng!NcUu + Uz |2
- c

Procr = — 7 % , (7.52)
Ti 2 Ui + NUo |2
Puicn = 171222110 12;/21’ = Nf'“H, (7.53)
Tiospi2|® N3N, — 1) [Uyy — Uy |2
Poog — 127\[ Bl N 2c ) | 11N 21 7 (7.54)
N = |Tias12)? + [Tz 2 + ITlgﬁD%I?- (7.55)

Here one can clearly see that a global factor of the matrix (like the prefactor of equation )
will scale out in the reconnection probabilities since all the probabilities are unitarized to yield
Poocr+Pyvicr+Ppcr = 1. We can now assess how these probabilities depend on the kinematic
variables a, b and c. Note that the definitions in equations — correspond essentially
to a phase space distance measure of parton groupings e.g. a is related to the original cluster
grouping (q1, g2) and (g3, @4), b is related to the Mesonic CR (MCR) configuration (q1, G4)
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Different CR probabilities for a=1 and b=0 Different CR probabilities for a=1 and c=0
Probability Probability
0.8 0.8
0.6 0.6 \
0.4+ 0.4+
0.2 0.2+
3y Il Il Il Il Il c \/’_I\II b
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
— no CR — MCR DCR — no CR — MCR DCR

Figure 7.1: The different CR probabilities P,ocr, Pvcr and Ppcgr for the kinematic config-
urations a = 1, b = 0 (left) as a function of ¢ and a = 1, ¢ = 0 (right) as a function of b.

and (g3, g2) and c is related to the Diquark CR (DCR) configuration (¢i, ¢3) and (G2, G4)
corresponding to a diquark-antidiquark cluster. So effectively small a, b or ¢ corresponds to
their respective cluster configuration being very favourable and vice-versa.

In order to simplify our discussion we assume that the original cluster configuration is very
unfavourable and therefore imposes the hierarchy a > b, c. Then we can assume “almost”
without loss of generality that ¢ = 1 and thus b, ¢ < 1, which allows us to display the
probabilities in figures for different kinematic regimes. Note that the "almost” relates

to the fact that we still assume that VA > 1 such that the approximation coth (\/Z / 2) ~1

is still valid since the coth term is the only term where a global factor of a cannot be scaled
out of the evolution matrix.

In figure we set b = 0 (left) corresponding to an efficient mesonic CR configuration as a
function of ¢ and ¢ = 0 (right) corresponding to an efficient diquark CR configuration as a
function of b. On the left we can clearly see that for an inefficient diquark configuration (large
c) we get a large mesonic CR probability, which is as expected. For low ¢ however the no
CR topology dominates, which corresponds to the regime where both diquark and mesonic
CR configurations are quite efficient. However, it may be that there are some phase space
restrictions in this case since we would not expect to have unlikely CR if both mesonic and
diquark configurations are favourable (b = ¢ = 0).

In the approximation cot (\/K/ 2) ~ 1 was employed for the evolution matrix. In order
to estimate the validity of this approximation we plot the same reconnection probabilities in
figure for the same limits. We can see quite some differences, which most likely can be
attributed to our hierarchy choice a =1 > b, ¢, which controls the magnitude of A and thus

determines whether coth (\/K / 2) ~ 1 is a good approximation or not.

In figure we set b = 1 (left) corresponding to an unfavourable mesonic CR configuration as
a function of ¢ and ¢ = 1 (right) corresponding to an unfavourable diquark CR configuration
as a function of b. One can clearly see that the no CR probability is dominant in both cases
for large ¢ and b respectively as expected. For low values of ¢ (b) we see that the diquark
(mesonic) CR dominates as one would expect.
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Different CR probabilities for a=1 and b=0 Different CR probabilities for a=1 and c=0
Probability Probability
0.8 0.8
06 ///_— 06l
0.4+ 0.4+
0.2 0.2+
L Il Il Il c 1 1 1 b
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
— no CR — MCR DCR — no CR — MCR DCR

Figure 7.2: The different CR probabilities P,ocr, Pyvicr and Ppcr for the kinematic configu-
rations a = 1, b = 0 (left) as a function of ¢ and @ = 1, ¢ = 0 (right) as a function of b. Here

the approximation coth (\/Z / 2) ~ 1 has been used.

Different CR probabilities for a=1 and b=1 Different CR probabilities for a=1 and c=1
Probability Probability
0.8 0.8

0.6} / 0.6
0.4 / 0.4r

0.2 0.2
\w / ¢ | N ) | L b
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
— no CR — MCR DCR — no CR — MCR DCR

Figure 7.3: The different CR probabilities P,ocr, Pvcr and Ppcr for the kinematic config-
urations a = b = 1 (left) as a function of ¢ and a = ¢ =1 (right) as a function of b.

7.4 Undiquarkization

As discussed in [8] there is of course also the possibility of an already existing baryonic-
antibaryonic cluster pair to evolve into a set of three mesonic clusters. A similar effect
appears for a single diquark cluster D, which can split into two mesonic clusters either in the
|12) (original) or the |21) (mesonic CR’d) state. We call this mechanism wundiquarkization
and can easily write down the transition probabilities as follows:

To-pl* Niél | (U11 + Us2) — (Ur2 + Uz |2

To—12|? N3 N, (U1 — Upa) + (Usy — Uso) |?

Pp_j19) = | X[ | = 2(N, 1)’ e ?/\/ ( )| , (7.57)
To—21]? N3 U1 — Ura) + N (Uay — Uss) |?

PD—>|21> = | X/‘ | = 2(N — 1) |( ) N ( )| s (7'58)

N = [To=pl? + [Too12l” + | Tooar /. (7.59)
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Note that in this case since we are not starting from the identity permutation state |12) but
a superposition of both permutation states, the probabilities now depend on all entries of the
evolution matrix.

Different CR probabilities for c=1 and b=0 Different CR probabilities for c=1 and a=0
Probability Probability
0.8 0.8+

0.6 0.6

0.4

0.4

0.2 0.2

e ‘ ‘ e . .
0.0 0.2 0.4 0.6 0.8 0% o0 0.2 0.4 0.6 0.8 10 °
D->D — D->|12> — D->|21> D->D — D->|12> — D->|21>

Figure 7.4: The different CR probabilities for a diquark cluster Pp_,p, Pp_,|12) and Pp_, 1)
for the kinematic configurations ¢ = 1, b = 0 (left) as a function of @ and ¢ = 1, a = 0 (right)
as a function of b.

Now we assume again that there exists a hierarchy ¢ > a, b i.e. the diquark cluster configura-
tion is more unfavourable than the rest and “almost” without loss of generality we set ¢ = 1.
We display the undiquarkization probabilities in figures for the kinematic regime of b = 0
(left) corresponding to an efficient |21) configuration as a function of a and a = 0 (right)
corresponding to an efficient [12) configuration as a function of b. We can see that the no
undiquarkization probability Pp_.p is exactly the same under the exchange of a <+ b and the
other probabilities Pp_, |19y and Pp_,21) exchange under the exchange a <+ b. This symmetry
can be explained by the fact that we start from a (anti-)symmetrized initial state. On the
left (right) we can clearly see that for an inefficient |12) (|21)) configuration i.e. large a (large
b) we get a large reconnection probability to the state [21) (|12)), which is as expected. For
low a or b however the no CR topology dominates, which corresponds to the regime where
both |12) and |21) configurations are equally favourable.

Different CR probabilities for c=1 and b=1 Different CR probabilities for c=1 and a=1
Probability Probability
0.8 0.8

0.6
0.4

0.2

\\N——-

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
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Figure 7.5: The different CR probabilities for a diquark cluster Pp_,p, Pp_|12) and Pp_, 1)
for the kinematic configurations ¢ = b =1 (left) as a function of a and ¢ = a = 1 (right) as a
function of b.
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In figure we show the different regime in which the |12) state is unfavourable i.e. a = 1
on the left and on the right where the |21) state is unfavourable i.e. b = 1. We can again see
the same symmetry in these plots as in figure and the behaviour appears to be almost
mirrored between figures and as we would expect since we essentially are changing the
hierarchy order between a and b.

Now even though we studied these undiquarkization probabilities, we remind the reader that
these are only of relevance if there has been generated a diquark cluster state by e.g. some
earlier stage (hard process, parton shower, NP gluon splitting or MPI) at the scale ij and
is needed to be evolved down to a lower common scale 2. Furthermore, one would also need
to investigate if there is a better scale choice than MZZJ for such diquark states, which however
does depend on their creation mechanism. Similar arguments hold of course also for the
case of unbaryonization, which has already been discussed in [§]. In fact, for future work on
interleaving the colour reconnection model with the cluster fission model these effects could
be quite relevant since the CR evolution will only evolve towards an intermediate scale and
then continue from that scale, where some states with diquark/baryonic clusters could have
been produced.

7.5 The Subsystem Colour Reconnection Algorithm

Now that we have gained some intuition for a two cluster system we want to develop a
pragmatical algorithm for a general n cluster system since of course numerical exponentiation
of a n! x n! matrix is unfeasible for large n. We have seen in figures and that distant
configurations in terms of large invariant masses M;; are more unlikely to colour reconnect.
In fact, the un-exponentiated matrix €2 has typically negative eigenvalues, which means that
larger €2;; correspond to larger suppression. This observation leads us to the assumption that
the dominant contributions might be originating from close-by regions of phase space. We
assume therefore that the S(n) colour flow permutation space factorizes into a partition set
P of |P| cluster subsystems such that we can write down the following approximation:

Z p=n, (7.60)

peEP
07y =R )a<p>> e R S(p) = S(P) C S(n), (7.61)
peP peEP
Tor_p = <7_P‘ um™ |U79> ~ ® <7-(p)‘ u® ‘g(p)> 7 (7.62)
pEP
U~ U = U”. (7.63)
pEP

Here U® is computed in the |S(p)| = p! dimensional subspace. Note that here the approxi-
mation of reducing the space from S(n) to S(P) and the approximation of U™ ~ U? as block
diagonal corresponds to the assumption that different subsystems are evolving completely in-
dependently. Furthermore, we assumed that the partitions are composed of colour singlets
i.e. the subsystems cannot be coloured. We shall keep these assumptions in mind when dis-
cussing what physics we expect to describe e.g. we would not expect long ranged correlations
to be described very well*® since there would be no CR between different subsystems using
this assumption.

Due to the rapid growth of n! we decide to group at most n = 3 clusters into one subsystem.
In fact, for three clusters we get also one possibility to get a baryonic colour reconnection and

46Tf CR effects are important for such correlations.
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several possible diquark cluster configurations. The choice for n = 3 will potentially bias our
algorithm towards diquark CR instead of baryonic CR due to the combinatoric possibilities.
In fact, it has been shown in that going to n = 4 or n = 5 substantially increases the
baryonic CR probabilities compared to n = 3, which we will keep in mind for interpreting
our results.

In order to then compute all possible mesonic T3p;_3p7, diquark T3p/spar and baryonic
Tsn—pp transition amplitudes from equations (7.25), and (7.43), we need to expo-
nentiate the 3! x 3! matrix 2. While for n = 2 we can use the analytic expression for the
exponentiation, for n = 3 we choose to use the Padé approximation for computing the
matrix exponential numerically.

Even though these transition amplitudes Tspr—3nr, Tanr—par and T3y g are in general
non-zero we set them to 0 if the final state configuration is invalid. This changes the total
normalization given by equation and is necessary since we have a transition probability
of no CR happening 7,_,,, which is not constructed from unitarity arguments. Examples
of such invalid configurations are e.g. if a mesonic cluster configuration would lead to octets
(depending on the flag OctetTreatment) or if for a diquark CR topology, the resulting diquark
cluster could not be reduced?” to a diquark-antiquark pair or does not pass the Apax cut
as discussed in the previous chapter. Similarly for baryonic clusters we impose also the
requirement to have enough mass to be reduced to a diquark-quark cluster and to be decayed
into at least a single baryon (reshuffling momentum with a nearby cluster), although this is
almost always the case.

The CR algorithm for this subsystem soft gluon evolution CR approach, which we shall
call dynamic Colour Reconnection (dynCR) then is almost the same as the Diquark Colour
Reconnection (DCR) algorithm discussed in chapter|6l The difference is that the choice for the
CR topology is not determined anymore by the configuration in rapidity of the three clusters,
but rather one random selection is selected within the three cluster subsystem according to
the computed unitary probabilities P3pr—3nr, Papr—pae and Psy,_,gg. Note in particular
this includes also "peripheral” CR i.e. from the cluster subsystem {C}, C3, C3} maybe only
clusters C2 and C5 are reconnected, while C] is just a spectator cluster remaining unaltered.
With this approach we are only left with the free parameters Apax, as € [as(Mz), 1], which
we choose as a NP constant®®, and the IR scale 2, which we redefine as p? = 4m%CQ[L2
with mrcqg being the lightest constituent quark mass*® in order to guarantee ;L2 < ij for
all possible invariant masses and f € (0, 1). This of course only holds if we assume that
all partons are on their respective constituent mass shell, which can be guaranteed by the
setting ClusterFinder:DiQuarkOnShell=Yes. Of course one can also numerically compute
the integral in also including the Coulomb term and use a running s, which needs
however to be continued meaningfully into the IR regime, which is the reason why we leave
this for further studies. In principle this whole framework can also deal with gluonic octet
colour flow states, however the cluster model does need quarks or antiquarks in its current
IR unsafe formulation.

7.6 Phenomenological Results

In this section we show and discuss the phenomenology of the new dynamic CR model on
typical MB LHC observables at 7 TeV. In particular, we use as a baseline the Herwig 7.3.0
tune with some additional options. As before we use the average lifetime cut c¢r > 10 mm, set

4TIt it would have not enough mass.
*8Since we assumed no running coupling for now.
“In our case this will be the u/d quark with its constituent mass m,, /4 = 325 MeV.
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the ISR and FSR shower coupling to as(Mz) = 0.1185, use the static threshold for the default
cluster fission and put all diquarks on their constituent mass shell. As we have seen before the
correlations are strongly®® impacted by the new ¢-channel like cluster decay (see section ,
which is the reason why we activate it for the following plots always. Furthermore, since we
are interested in the baryon production we set PwtDI = 0, which turns off the CD baryon
production. For the new dynamic CR parameters ayg, @ and Apax we choose the default
values ag = 0.5, i = 0.5 and Apax = 10 as a starting point.

Charged (p, ) vs. Ny, at 7 TeV, track p; > 500MeV, for N, > 1 Charged (p ) vs. N, at 7 TeV, track p; > 100 MeV, for Ny, > 2
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Figure 7.6: The (p7)(Nech), Nen and pr (p. in the plots) spectra for different pr cuts of MB pp
collisions at 7 TeV measured by ATLAS (public Rivet analysis ATLAS_2010_S8918562).
All of these simulations have been performed using the dynamic DCR algorithm and the CR
coupling as = 0.5 and A ax = 10 at different CR scales ji given in the legend.

We again remind the reader that the plots we will be showing are untuned and strongly
correlated to the hadronization model. Therefore it is not reasonable to expect substantial
“improvement” in the data comparison. In particular, the new matrix element CF model
(from is unfortunately too slow to run at LHC energies and the aligned CF with only
the phase space effects is not enough to yield decent results, which is the reason why we do
not use it here.

%¥Here we mean that the default cluster decay washes out a lot of the correlations.
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p + P yield in INEL pp collisions at y/s =7 TeV in |y| < 0.5. A transverse momentum distribution at /s = 7 TeV
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Figure 7.7: The pr spectra of p, A and 2~ of MB pp collisions at 7 TeV measured by ALICE
and CMS (public Rivet analyses CMS_2011_S8978280 and ALICE_2015_I1357424)
and the cluster mass spectrum of all clusters just after the CR has happened. All of these
simulations have been performed using the dynamic DCR algorithm and the CR coupling
as = 0.5 and Apax = 10 at different CR scales fi given in the legend.

In figure we display some MB observables for the dynamic DCR algorithm at different IR
CR scales i in order to determine the scale dependency of the new CR model. We can see that
there are some variations, but overall the effect of varying the scale is a quite small effect. In
practice the scale fi controls the ”ideal” cluster mass i.e. the lower i, the lower cluster masses
are preferred by the CR. Therefore we get more CR if the scale is small, which reduces the
high multiplicity events and gives the hadrons more pr leading to higher (pr)(Nep).

In figure we plot different baryon pr spectra and the cluster mass spectrum just after
the CR (bottom right). We can see that lower scales [i lead to overall more baryons (since it
leads to more CR in general) and produce them also at slightly higher pr as one can see in
the different slopes. Note that similarly to our previous results we have seen that also in this
case with kinematic dependence of the CR probabilities we are unable to produce the soft
peak of the protons properly. The cluster mass distributions in figure confirm our claim
that for smaller [ the cluster masses are driven towards lower cluster masses. The BB and
BA correlations measured by ALICE do not significantly depend on the scale variation,
which is the reason we omit showing them.
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Figure 7.8: The (p7)(Necn), Nen and pr (p. in the plots) spectra for different pr cuts of MB pp
collisions at 7 TeV measured by ATLAS (public Rivet analysis ATLAS_2010_S8918562).
All of these simulations have been performed using the dynamic DCR algorithm with the CR
scale i = 0.5 and Apax = 10 at different CR couplings «; given in the legend.

In figures and [7.9]we show the variation of the NP CR «; for the dynamic DCR algorithm.
As one would expect the higher the value of the strong coupling, the more CR is performed,
which is clearly visible in figure In fact, the variation with respect to a, is much stronger
than for the CR scale.

The baryon pp spectra in figure however are impacted quite similarly strongly under
the ay variation as under the [ variation even though the absolute magnitude is different.
Also different a; cannot reproduce the soft proton peak. The cluster mass distributions are
consistent with the reasonable expectation that more CR implies lower cluster masses, where
the inflexion point is around 2 — 3 GeV. Similarly to the variation of the scale i we do not
see significant differences in the BA and BB correlations.

In figures|7.10]- [7.12) we display the dynamic DCR algorithm for varying values of the diquark
production cut Apa.x. As already mentioned previously this cut acts only as a temporary
limitation since diquark clusters cannot be treated by our current CF and CD model in
a meaningful manner. The pp and pp correlations displayed in figure are of course
impacted by this cut, but interestingly not as much as we would have anticipated. It is of
course difficult to assess the behaviour of the pp correlations due to the deteriorating statistics
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p + p yield in INEL pp collisions at /s = 7 TeV in |y| < 0.5. A transverse momentum distribution at /s = 7 TeV

S\ [T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T 1] v—‘< T T T T T T ‘ T T T ‘ T T T ‘ T E|
> 1L E!
@] —+— Data ) —+— Data 3
S 107 E —— dynDCRa; =012 = % _ —— dynDCRa; = 0.12 ]|
Jr  F —+— dynDCRa; =050 3 S E —+— dynDCR &g = 0.50
e L —+— dynDCR a5 = 1.00 ] § £ —— dynDCR a5 = 1.00 5
21072 — ~ 2 —
“EF10Tt E 3 10 © g 3
: - E
C 1 8. L1 i
10 E- —
1073 = = z E 3
E ERN = 3
£ ] = - B
r = 1074 =
-4 = E B
10 B ‘ | ‘ | ‘ | ‘ I | ‘ [ | | | ‘ | | | ‘ | | | ‘ | | | | | (I
1A4 N T ‘ T ‘ T ‘ T T ‘ L = 1-4 7\ T T ‘ T T T ‘ T T T ‘ T T T T T T i
13 E E 13 £ E
g 11 = 5 T T L | L -
g 09 O 09 TTTTTTTTTLT I ——
= 08 E E S 08 _:
07 E- E o4 E
82 T ) IS BRI BRI B 8? | | | e
1 2 3 4 5 0 2 4 6 8 10
pr (GeV/c) A pr [GeV/c]
E~ transverse momentum distribution at /s = 7 TeV Cluster mass distribution
—" 1 L ‘ L ‘ L ‘ L ‘ L ‘ L 6 1 E T T T TTTT T T UL H‘ T T UL H‘ H
107! = —= E E!
Q E o~ —+— Data E ) = —+— dynDCR a5 = 0.12 3
2 FLY —+— dynDCRas =012 1 £ i —+— dynDCR a5 =050 |
d k —+— dynDCRa, =050 | & ' E —— dynDCRa; =1.00
2 £ ’ 3
= = =
£ 0 j: —t+— dynDCR a; = 1.00 4 Z r B
> E 3 g1 =3
= F S E E
= L ] & L ]
i | ek ]
Z 103 = - = E
~ E E £ 3
= = 3 r ]
r = 1074 =
r T E 3
o4 e HE pq EHH T —
s 13 : 13 = P E
§ il LOLPLLLL = g uE .
g o FTTTTTITTI TN T2 2 od- ~
> 08 = 0.8 E -
07 = 07 E- E
g:g I I | ‘ (| ‘ I | ‘ I I | ‘ (| ‘ L1 \7 8'2 3 1 L1l 1 L1l H‘ 1 L1l H‘ 7
o 1 2 3 4 5 6 1 10" 102
E~ pr[GeV/c] Mc

Figure 7.9: The pr spectra of p, A and 2~ of MB pp collisions at 7 TeV measured by ALICE
and CMS (public Rivet analyses CMS_2011_S8978280 and ALICE_2015_I1357424)
and the cluster mass spectrum of all clusters just after the CR has happened. All of these
simulations have been performed using the dynamic DCR algorithm with the CR scale ji = 0.5
and Apax = 10 at different CR couplings o, given in the legend.

for more stringent cuts, but for the pp correlation it appears that the more stringent the cut,
the more near side correlations are produced.

In figure the impact of the Ap.x cut is interestingly quite substantial. In particular, it
appears that the (pr)(Nen) for pr > 500 MeV exhibits a huge spike at large multiplicities
not reflected in the data, the more loose the A« cut is. This might come from the diquark
reduction if we imagine a diquark cluster that has been produced with two quarks (and
antiquarks) being back to back in the lab frame close to the beam direction with large invariant
mass (since no Apax would prevent this) would be reduced to a diquark with relatively small
constituent mass, which would rescale its momentum to give a large component maybe in the
transverse region. However, it is unclear why this effect does not appear to happen similarly
for the (pr)(Nen) at pr > 100 MeV. Contrary to the naive expectation that a more stringent
cut would lead to less CR, we can see that the behaviour of the N, pr and (pr)(Nen) at
pr > 100 MeV observables appear have a non-linear dependence on the cut. This might
originate from the delicate balance between DCR and MCR. Nonetheless, the unphysical
feature observed without this Apax cut does confirm the need for introducing this cut.



7.6. Phenomenological Results 101

Integrated correlation function for pp Integrated correlation function for pp + pp

= L o o B o e P e o e e B e R

2 25 —+— Data 1 2 F —— Data E

© C —+— dynDCR Amax = o ] © 12 [ —t— dynDCR Amax = _+_ -

F —+— dynDCR Amax = 10 : [ —+— dynDCR Apax = 10 +| f '+'+ + ]

2 —+— dynDCR Apax =3 — 1.1 :— —+— dynDCR Apax =3 + —:

r 7 L E =

15 — -] ]

C 4 0.9 - —

1 — r ]

C ] 0.8 ; {

05— 1 E 1

v EFTHH 07 It

13 £ = 13 E E

g 1.2 E- = g 1.2 E- =

1.1 & — 1.1 =

SO = 2 1

O 09 E- = U 0.9 E- i

= 08 E S 08 E i

07 E- E o7 E E

82 7\ ‘ I I ‘ I | ‘ I I I | ‘ I I ‘ L1l \E 8? 7\ ‘ I I I | I I I | ‘ I I ‘ L1l \E

-1 o 1 2 3 4 5 -1 o 1 2 3 4 5

A¢ (rad) A¢ (rad)

Figure 7.10: The BB and BA correlations of MB pp collisions at 7 TeV measured by ALICE

[137] (public Rivet analysis ALICE_2016_I1507157).

All of these simulations have been

performed using the dynamic DCR algorithm with the CR scale fi = 0.5 and the CR coupling
as = 0.5 for different A ax given in the legend.

(p1) [Gev]

MC/Data

1/0do/dNg,

MC/Data

Charged (p, ) vs. N, at 7 TeV, track p; > 500MeV, for Ng, > 1

E T T T T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T j
35 = —¢— Data L
F —+— dynDCR Amax = o0 — 7
3 F —— dynDCR Amax = 10 E
25 E —F— dynDCR Amax = 3 E
= =
b E
8 ——
1 =
= ]
0.5 —
S A o L O
HBE :
1.2 & —
1.1 B  ——
1
0.9 E- i
0.8 & _
07 E- :
0.6 E- | | | -
0‘5 L L L L L L L L L L L L L L L L L L
20 40 60 80 100 120
Neh
Charged multiplicity > 2 at 7 TeV, track p; > 100 MeV
T ‘ L ‘ T ‘ T ‘ L ‘ T ‘ T ‘ L ‘ T ‘ T
—+— Data ]
10-2 —+— dynDCR Apax = -
E —+— dynDCR Apax =10 3
F —+— dynDCR Amax =3 7
1073 £ =
1074 -
E —+] 3
1075 = =
E\ [ ‘ Ll ‘ Ll ‘ Ll ‘ L1l ‘ Ll ‘ Ll ‘ Ll ‘ Ll Ll B
14 ;\ T ‘ T ‘ L T L L
1.3 E i
1.2 =
1.1 —
1
0.9 B | i
0.8 & =
07 E i
8g 7\ L ‘ Ll ‘ L1l ‘ L1 ‘ Ll ‘ L1l ‘ L1 ‘ Ll ‘ L1l ‘ L1 T
20 40 6o 8o 100 120 140 160 180 200
Neh

[GeV]

(p1)

MC/Data

00 00 ©

1/Ney1/2mp, do/dydp |

MC/Data

MR R

(VTSN TRy FRVE e

1075

el

20 00 O
2 DoNp0oR RO

Charged (p, ) vs. Ne at 7 TeV, track p; > 100MeV, for Ng, > 2

L I I I O O
Frol \ \ \ \ \ \ \ \

!

——
e

—¢— Data

—+— dynDCR Apax = o
—+— dynDCR Apax = 10
—+— dynDCR Apax =3

’

i =
Ll ‘ Ll ‘ L1l ‘ Ll ‘ Ll ‘ L1l ‘ Ll ‘ L1l ‘ Ll ‘ Ll T
20 40 6o 8o 100 120 140 160 180

200
Neh

Charged particle p, at 7TeV, track p; > 100 MeV, for Ny, > 2

—¢+— Data

—— dynDCR Apay = o0
—+— dynDCR Apmax = 10
—+— dynDCR Amax = 3

]
10"

pr [GeV]

Figure 7.11: The (pr)(Nen), Nen and pr (py in the plots) spectra for different p cuts of MB pp
collisions at 7 TeV measured by ATLAS (public Rivet analysis ATLAS_2010_S8918562).
All of these simulations have been performed using the dynamic DCR algorithm with the CR
scale i = 0.5 and the CR coupling «as = 0.5 for different A« given in the legend.
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p + P yield in INEL pp collisions at y/s =7 TeV in |y| < 0.5. A transverse momentum distribution at /s = 7 TeV
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Figure 7.12: The pr spectra of p, A and 2~ of MB pp collisions at 7 TeV measured by ALICE
and CMS (public Rivet analyses CMS_2011_S8978280 and ALICE_2015_I1357424).
All of these simulations have been performed using the dynamic DCR algorithm with the CR
scale i = 0.5 and the CR coupling o = 0.5 for different Ay .« given in the legend.

In order to further investigate this behaviour we again display the baryon pr spectra with
varying Apax cut in figure Of course the looser the cut, the more baryons and with
higher pr we get. In fact, it could be that the sheer abundance of baryons with appreciable
pr are dominating the (pr)(Ng) for the pr > 500 MeV cut and thus leading to the observed
unphysical feature. Such cross effects can of course happen as we have already seen and shown
in chapter |4, which is the reason why such phenomenological studies are crucial for assessing
whether a feature of the simulations is a physics effect that we expect or a shortcoming of
our physics model.

Note that even though so far we only discussed the dynamic DCR algorithm, there exist
also the previous CR models of Herwig e.g. the very primitive Plain and the current default
Baryonic CR algorithm. These algorithms rely on the phenomenological parameters for the
static colour reconnection, which are the probability Py for both and Pg for the Baryonic
algorithm. We can very easily replace these static parameters with their dynamic version
from the soft gluon evolution approach discussed in this chapter. Therefore we introduced
the global option DynamicCR, which when turned on uses the dynamic probabilities for the
Plain and Baryonic algorithms depending on the parameters o and fi.
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Figure 7.13: The BB and BA correlations of MB pp collisions at 7 TeV measured by ALICE

[137] (public Rivet analysis ALICE_2016_I1507157).

All of these simulations have been

performed with the CR coupling as = 0.5, the CR scale i = 0.5 and Apa.x = 10 using
the Plain, Baryonic and Diquark CR algorithms. Note that here the Plain and Baryonic
algorithms are also allowed to produce diquark clusters.
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Figure 7.14: The (pr)(Nen), New and pr (p in the plots) spectra for different pr cuts of MB pp
collisions at 7 TeV measured by ATLAS (public Rivet analysis ATLAS_2010_S8918562).
All of these simulations have been performed with the CR coupling as = 0.5, the CR scale
i = 0.5 and Apax = 10 using the Plain, Baryonic and Diquark CR algorithms. Note that
here the Plain and Baryonic algorithms are also allowed to produce diquark clusters.
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This was implemented such that for the proposed selection of clusters of the CR topology (also
the no CR topology) is chosen entirely from the discussed unitarized transition amplitudes.
Note that therefore a baryonic configuration for the Baryonic algorithm can also undergo
mesonic CR and vice versa. For the Plain algorithm we edited the cluster selection algorithm
in order to pick the two clusters, which have the least probability of not undergoing any CR.
In addition, we can also add the diquark topology to both of these algorithms by the flag
DiquarkCR, which allows for CR baryon production also with the simplistic Plain CR model,
which only selects two clusters for which we compute the transition probabilities.

In figures - we show the dynamic Plain, Baryonic and Diquark CR algorithm with
the DiquarkCR option turned on. In figure we can see only very few differences, but it
appears that the Plain CR algorithm produces less pp correlations than the other ones. For
the pp correlations we do not see substantial differences due to statistics, even though we
would expect the Plain CR to have less near side suppressed correlations since it has only
the diquark topology available to produce baryons.

p + p yield in INEL pp collisions at /s = 7 TeV in |y| < 0.5. A transverse momentum distribution at /s = 7 TeV
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Figure 7.15: The pr spectra of p, A and =~ of MB pp collisions at 7 TeV measured by ALICE
and CMS (public Rivet analyses CMS_2011_58978280 and ALICE_2015_I1357424).
All of these simulations have been performed with the CR coupling as = 0.5, the CR scale
i = 0.5 and Apax = 10 using the Plain, Baryonic and Diquark CR algorithms. Note that
here the Plain and Baryonic algorithms are also allowed to produce diquark clusters.
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The MB observables displayed in figure show some difference in the (pr)(Ney,), where the
BCR algorithm appears to produce generally a larger rise compared to the rest. This is most
likely due to the selection criterion for the BCR algorithm, which will not select clusters,
which would be in a diquark cluster configuration. Therefore we expect few diquark type
reconnections, which as already mentioned in the previous chapter lead to a smaller rise in
the (pr)(Nen) since invariant mass is needed to produce the ¢g pair in order to decay to a
baryon-antibaryon pair and cannot be invested in increased pr.

In figure we show the baryon spectra of the different dynamic algorithms. Clearly, the
DCR algorithm produces the most baryons, which of course is expected since its selection
algorithm searches explicitly also for diquark type configurations. Since we adapted the Plain
CR selection algorithm to pick the pairs of clusters with the minimal no CR probability, we
also get a substantial baryon production, which is even larger than the baryon production
from the Baryonic CR algorithm. In any case it appears that the DCR algorithm gives more
baryons forming the soft peak in the pp distributions than all of the other algorithms.

7.7 Conclusions and Outlook

In this chapter, we presented the dynamical CR model starting from soft gluon evolution [169].
We discussed also the different CR topologies and in particular the diquark and baryonic
clusters’ colour flow states. The momentum dependent CR unitarized transition probabilities
were defined for all possible CR topologies up to three colour flow systems. Studying the
two cluster system we have found that closeness in phase space of cluster configurations
corresponds to high CR probability, which has also been found in .

Building on this finding we approximated the general evolution operator as the direct sum of
a suitable partition of the whole system into colourless subsystems of clusters with at most
three colour flows (or three mesonic clusters). With this approximation we used the cluster
selection algorithm of the DCR algorithm to partition the total cluster set into subsystems and
perform the soft gluon evolution CR on each subset according to the transition probabilities.
Thereby we allow also for peripheral CR, which has not been possible with the previous
algorithms. The undiquarkization was also discussed in principle, although for the current
implementation it has been found to not be relevant. Additionally, we also supplied these
dynamical momentum dependent CR transition probabilities to the Plain and Baryonic CR
algorithms with the option of generating diquark clusters themselves.

We showed the phenomenology of these dynamic CR algorithms and have found the possibility
to get a reasonable description with three "free” parameters. However, one should keep in
mind that these three "free” parameters should not be considered as bland phenomenological
parameters since they have either a physical interpretation like as and & or are a technical
cutoff like A ax, which reflects the shortcomings of the current hadronization model.

Now this work is of course not yet the full model since many things could be improved here.
In particular, one could compute the integral of the evolution matrix more precisely also with
a running g if a reasonable continuation of «, could be found and re-examine the impact
of the Coulomb terms in the evolution. One could also increase the maximal subsystem size,
which has been studied in [8] for up to 5 mesonic clusters to give a higher baryonic type CR
probability.

Ultimately the overarching goal should be to interleave this dynamical CR model with a
suitable cluster fission model in the context of colour evolution. This of course requires
an efficient and reasonable cluster fission model motivated by colour evolution. Also, the IR
safety for the cluster model has to be addressed in the same context, which would also impact
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the dynamic CR model since it would need to be able to treat gluons, which has not yet been
discussed.

Of course, it would be also very important to more clearly study the impact of our ap-
proximation that the subsystems are completely decoupled from each other. This could be
particularly interesting for assessing the impact of CR (in microscopic simulations) on long
ranged correlations such as ridge searches compared to statistical/thermal models.



CHAPTER 8

Final Conclusion and Outlook

In this thesis we have examined many correlation observables and found multiple shortcom-
ings in the cluster hadronization and colour reconnection model of Herwig 7.3.0 for multiple
centre-of-mass energies and different collision systems. In order to address these issues we pro-
vided several solutions with a deeper theoretical motivation coming from the colour evolution
picture.

In chapter 4] we made a first solution attempt using the simplistic approach of moving the
baryon production from the cluster decay model to the cluster fission model. However, this
was not sufficient without producing unphysical momentum spectra for baryons, which forced
us to investigate the kinematics of the cluster fission model much more in depth. In fact, we
have already found in chapter|4/that the unphysical plateau from the di-hadron fragmentation
functions could be avoided if the cluster fission model behaves more parton shower like.

Therefore in chapter |5, we developed a perturbatively inspired matrix element cluster fission
model and a phenomenological matrix element cluster decay model, which is motivated by
colour evolution. This model is more predictive and has fewer phenomenological parameters
that would need to be tuned to data. We have shown that indeed this cluster fission model
behaves more parton shower like if the full matrix element is taken into account. Nonetheless,
the sampling of the cluster fission model is still quite inefficient especially for large cluster
masses and will need to be accelerated in the future if we want to use it for minimum bias
LHC collisions. The new t-channel like cluster decay model on the other hand has been
introduced to have a smoother transition from the more aligned cluster fission to the more
isotropic cluster decay. We have shown also in chapter [6/that the original cluster decay model
washes out the baryon-baryon correlations, while the more aligned ¢-channel cluster decay
model preserves more of the near side suppression, which is also observed in the data. In
future studies it would be interesting to replace the phenomenological matrix element for the
cluster decay with a Bethe-Salpeter amplitude, which is a non-perturbative parton to hadron
transition amplitude, as has been laid out in [7].

Additionally, we introduced the generalized angularities and weighted multi-point energy
correlations in chapter |5 and discussed the impact of the different cluster fission and cluster
decay model options. We have found several parameters of these observables, which proved
to be able to discriminate between cluster fission and cluster decay models. Measuring these
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observables would give us the possibility to test which cluster fission/cluster decay model
could deliver agreement with the data and therefore guide the development of hadronization
models. We made it clear that these observables need not be infrared safe and in fact can
also be infrared dangerous. In particular, we have found that for the soft-takes-all infrared
dangerous energy correlations the dependence on the centre-of-mass is quite reduced, which
suggests that hadronization universality holds for such observables. Therefore it would be very
interesting to also measure such observables at eTe™ and pp collision systems with varying
centre-of-mass energies.

Of course, there are still a lot of features missing from the hadronization models. In particular,
it would be interesting to study the infrared and collinear limits of a double quasi-soft gg
emission matrix element to assess how diquark-antidiquark production in the cluster fission
model will work. Also the currently static flavour weights could be generalized to dynamical
weights, which could be derived from the actual matrix element and thus eliminating the
need for tuning these parameters. In that case however, also the tuning and the potential
scale dependence of the constituent masses needs to be investigated thoroughly, which goes
beyond the scope of this thesis.

In chapter [6] we discussed the new diquark cluster state and designed a colour reconnec-
tion algorithm, which takes into account this new state and unlocks new colour reconnection
topologies for the cluster model. In particular, it allows for a more efficient baryon production
from colour reconnection, which results in less near side suppression of baryon-baryon corre-
lations, but at the same time does not require as many clusters to be able to produce baryonic
clusters. We found that the diquark approximation, which is needed by the cluster fission
and cluster decay model gives unphysical features if we do not reject some diquark clusters
using a cut on the future diquark’s invariant mass. So for this diquark colour reconnection
algorithm to work in completeness, we would need a hadronization model, which can deal
with three and four component clusters, which we leave for future studies. Nonetheless, it
would be interesting to test this colour reconnection algorithm on the production of doubly
or triply heavy quark baryon production, which could tell us about the balance between the
diquark cluster and baryonic cluster formation and hadronization. Also the (p7)Baryons(Neh)
observable would be very useful to be measured more in detail for inclusive baryons as this
could tell us more about the balance between baryon production from hadronization and
colour reconnection.

In chapter 7| we developed a dynamic colour reconnection model using the soft gluon evo-
lution from [7,[8]. In particular, we limited ourselves to a maximum of three colour flows
(or three mesonic clusters) and defined the diquark and baryonic cluster colour flow states
alongside with the unitarized transition probabilities. We broke down the total system of
clusters into smaller cluster subsystems of at most three clusters and in this first implemen-
tation we just assumed that the different subsystems do not interact among themselves. The
computed transition probabilities have been supplied to the already existing colour reconnec-
tion algorithms and their impact has been studied phenomenologically. Also in the dynamic
colour reconnection models the diquark cluster formation cut was crucial to get a reasonable
description of the data.

However, there is still room for improvement, e.g. the computation of the soft gluon evolution
matrix could be performed with the running of the strong coupling if one has a reasonable
continuation of the running of «; into the infrared regime. Also going beyond the maximum
of three colour flows could have some impact on high multiplicity events, but that would
also mean more complicated topologies would arise and the numerical computation of the
transition probabilities would become more challenging.
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The overarching long-term goal in terms of hadronization and colour reconnection of the
cluster model should be to develop an infrared safe model that interleaves hadronization and
colour reconnection in such a way that the parton shower cutoff is merely a renormalization
group evolution like scale, which just determines how the hadronization model should react
to a parton shower at the chosen cutoff. In order to achieve this goal, the measurement of the
discriminative observables we presented in chapter |5 would be very helpful in pinning down
the cluster fission and cluster decay models at various centre-of-mass energy ete™ collisions.
Such observables would be also very interesting for pp collisions in order to study multiple
partonic interactions and colour reconnection with a more solid hadronization model.

For the soft gluon evolution colour reconnection model it would be very interesting to examine
the long ranged correlations, which could be introduced if one goes beyond the completely
independent subsystem evolution of this thesis. In particular, one could compare the long
ranged correlations of our microscopic models with statistical/thermal hadronization models
in order to assess whether thermal effects could emerge from microscopic colour reconnection.

Overall, we showed that non-perturbative effects can have a large impact on a plethora of
observables and are necessary to define reasonable uncertainties for experimental measure-
ments. The continuous improvement - both theoretically and phenomenologically - of the
hadronization and colour reconnection models is crucial for understanding the process of
QCD confinement and the collective phenomena emerging from high energy collisions.






APPENDIX A

Cluster Fission Algorithm

Here we describe the pseudo code for the cluster fission for Herwig in more detail. We fission
a Cluster of Mass M (constituents g1, g2 with constituent masses mp, mz) to two new clusters
Ci(q1, q), C2(q, g2) with masses My, My respectively. Miup(gi, ¢;) is the lightest hadron pair
mass, i.e. the sum of the two lightest hadrons, that can be formed from the cluster decay of
the cluster C' = (g;, ¢;). Muu(gi, ¢;) is the lightest hadron mass, that can be formed from
the cluster C' = (¢;, ¢;).

The pseudo code implemented is the following:

counterMEtry+« 0

FlavourSampling: Sample Flavour ¢ € {u, d, s} according to static probability weights
Pwt(q)

if M < (mq+mao+2m)or M < max {(my +m), Mrap(q1, q) }+max {(mz +m), Mrup(qe, q)}
then

Go to FlavourSampling or escape (no Cluster fission) if no Flavour can satisfy the
condition
end if
MassSampling: Sample the Masses M7, My from uniform distribution in the region M; €
[m1 +m, M — (mg+m)| and My € [ma+m, M — (m1 +m)] and M < My + M,
> If the last condition fails we keep the flavour fixed and go to MassSampling
if M, < MLH(QI, q) then
MC1Max < min {M — (ma +m), M — Myup(q2, ¢)}
if MC1Max—Myup(q1, ¢) < 1072GeV then
Go to FlavourSampling
else
Go to MassSampling
end if
end if
if My < MLH(QQ, q) then
MC2Max < min{M — (m1 +m), M — Miup(q1, q)}
if MC2Max—Mpup (g2, ¢) < 1072CeV then
Go to FlavourSampling
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else
Go to MassSampling

end if
end if
PhaseSpaceSampling: Sample isotropically Phase Space as discussed before give the masses
My, My sampled previously
P — [(M[?(pi - p;)®(M, M, M, ma, ma, m)

(M Zver (M, ma, ma, m)Pover(M)

> If one would like to take flavour properly into account |M|?2 ., need not depend on m
counterMEtry++
if counterMEtry>MaxLoopCount then

escape, print warning and do the old style of cluster fission
end if
if Pyec > 1 then

Throw a warning exception, but don’t reject sample
end if
Sample r uniformly € (0, 1)
if » < P, then

accept the fission products
else

Go back to MassSampling

end if
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Figure A.1: Flowchart for the matrix element cluster fission algorithm.
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APPENDIX B

Phase Space Factorization

The phase space factorization which were used for the cluster fission algorithm. We start
with a general 2 — 4 partonic process with a matrix element Mo_,4(p1, P2 = @1, 4, G, ¢2),
where the rate I's_,4 can be written in this manner in D = d + 1 spacetime dimension \|

Loy = / |Ma4|2d®y, (B.1)
d?qy d% d?q dq
dd, = 1) —q1—q—q— B.2
4 5E, 2E, 2E, 2E, (pr+p2—q1 —q—q— q2), (B.2)
d®y = dlly, dITydlzdIT,, (27) P67 (p1 +p2 — > qy), (B.3)
f
d’p;

i, = — Lt (B.4)

P (zﬂ)d 2Ep,

Now let us introduce some identities, where we define (01, Q2 as the children cluster momenta
and My, My as their masses:

/dDQ15D(Q1—Q1—Q):1, /dM125(Q%—M12):17
/ P Qa6P(Qo — g — 3) = 1, / dM26(Q3 — M2) = 1.

Now we can reorder equation (B.1) with the above identities and use the Mass delta functions
to perform the integral of Q?, obtaining the following;:

d4Qq diQs
dMZdM? 250 —Q —

/ TAM5 | Ma_4]767 (p1 +p2 — Q1 Q2)2EQ1 2Eo,
dlqr d'q
2F, 2,
dlq dq
5P — g9 — () — —— B.5
X 07 (Q2 — a2 q)2Eq2E2’ (B.5)
diq dq
2E111 QEQ2 '

x 02(Q1—q1 — q)

d®y(P;q1, ¢2) = 6" (P — q1 — ) (B.6)
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We have now factorized the integration over 4-particle phase space ®4 into 3 two-particle
phase spaces ®5 and two mass integrals:

oy = /dM12 dM3 d®2(P;Q1, Q2) d®2(Q1;q1, ¢) dP2(Q2; g2, §) [Masal. (B.7)

Each of the two-particle phase spaces can be evaluated in its respective centre-of-mass frame
in the following way, where we define the Kéllén function A\(z, y, z) as the following:

coM =2
Oy (M, my, mg) = / diﬂl (\/A(MZ’Mm%’ mg)) : (B.8)
MNM?2, m2, m3) = [M2 — (my — mg)ﬂ [M2 — (m1 + m2)2] . (B.9)

As we aim to sample the masses M7, My later, we collect all mass dependent factors such
that we get the following:

Ty \y = / dMydMsy fps (M, Ma)dQGOMdQSOM! a0 oM 2| Mo, (B.10)

d—2

FM, Mo) =52nT SM M, M, - (B

We can compute an overestimate for the flat phase space mass distribution f(Mj, My) if we
assume d > 2, which yields:

Md—3

f(My, M) = Wﬂ]\/—ﬁ, M), (B.12)
—2)
2 ar2\1'%5%
F(My, My) < (My M) P\ (17 %, %é)] : (B.13)

Here we used the fact that A(z?, y?, 2%) < A(2?, 0, 0). Now we can use the following trans-
formation and use the fact that (M; — M)? > 0:

My = M + My, (B.14)
M, +M_
My s = %, (B.15)
(d—2)
" M2 — M2\ 42 M2 M2\ 2
f(My, M) < <+4> [<1 — M2> <1 - Mgﬂ , (B.16)
- M2 M2 (d—2)
<|(%F)r-am| —en. (B.17)
r M2 (d_2)
< B.18
<|; ﬁ] (B.13)

Here in the last inequality we find analytically the maximum of the function g(My ), which

2
is located at M, = M \/; , which is the more efficient overestimate.
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