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Abstract

This thesis aims to show, how to include double-soft gluon emissions in already existing parton
shower algorithms at leading colour (N — oo) and beyond. Soft refers in this context to a
energy scale, which is much smaller than the typical hard scale of the perturbative QCD process
considered. To do this consistently, an evolution equation, of the on the colour space defined
renormalized operator valued amplitude, can be developed. The solution of this evolution
equation then provides a numerical resummation of the soft-gluons. For concrete calculations
a basis for the colour space has to be chosen. In this work, the basis of choice is the so called
colour-flow basis, which has a physical interpretation in terms of flow of colour and allows one to
compute the colour structure of the amplitude in the colour space of many quarks and gluons
efficiently. For the numerical solutions Monte-Carlo methods are used, both for the colour
contribution beyond leading colour and for the phase space integral of the resummation. The
necessary ingredients to calculate the colour structure beyond leading order for double gluon
emission with Monte Carlo methods are presented in this work. To simulate the amplitude
evolution, furthermore, Sudakov veto algorithms and extensions of it are presented and used in
this work. Another aspect of this work is to study resampling procedures such that the statistical

convergence of the resulting weighted parton showers gets improved.

Zusammenfassung

Diese Arbeit beschéftigt sich damit, wie man die doppelte Emission von soften Gluonen in bereits
vorhandenen Parton Kaskaden inkludieren kann, auf fithrender Farbordnung (N — oo) und
dariiber hinaus. Softe Gluonen haben eine charakteristische Energie, die sich unter jener des
betrachteten harten pertubativen QCD-Prozesses befindet. Um die Parton Kaskade konsistent
zu erweitern, wird eine Evolutionsgleichung fiir die am Farbraum definierte renormalisierte
operatorwertige Amplitude entwickelt. Deren numerische Losung liefert dann eine numerische Re-
summation der soften Gluonen. Fiir konkrete Rechnungen muss dann eine Basis fiir den Farbraum
gewdhlt werden. In dieser Arbeit wurde die Farbflussbasis gewéhlt, welche eine physikalische
Interpretation beziiglich des Farbflusses besitzt und es moéglich mahct Farbraumstrukturen im
Farbraum von vielen Quarks und Gluonen effizient zu berechnen. Um die numerischen Lésungen
der Evolutionsgleichung zu berechnen, werden Monte-Carlo Methoden angewannt, sowohl fiir
den Farbanteil als auch fiir das Phasenraumintegral der Resummation. Die nétigen Bestandteile
fir die Berechnung der Farbstrukturen, iiber die fiihrenden Farbe hinaus, werden in die Arbeit
prasentiert. Um die Amplitudenevolution zu simulieren werden auflerdem Sudakov-Veto Algorith-
men und Erweiterungen von diesen, vorgestellt und verwendet. Ein anderer Aspekt dieser Arbeit
ist es, Resampling Strategien zu untersuchen, um die statistische Konvergenz der resultierenden

gewichteten Parton Kaskaden zu verbessern.
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1 Motivation and overview

1.1 Motivation

The aim of this thesis is to investigate the evolution of non-global observables, by systematically
including double soft-gluon emissions and to simulate these processes with Monte Carlo methods.
Soft denotes here an energy scale, which is much lower than the hard energy scale. The observables
in perturbative QCD are of the form [1]

>(7) :/OTZdanun (k1,k1,...), (1.1)

which contains possible large logarithms L. The leading order refers within parton showers to
the O(a?L%}) contribution, where s is the strong interaction constant and S and C' refer to
soft and collinear singularities, respectively. The problem with conventional parton showers,
which only take single soft-gluons into account, is that the necessary factorization formula
is derived from the strongly-ordered approximation [2]. This limit describes only the terms
ol (LQS"C, %, L) correctly, while sub-leading terms a?Lg_l are not consistently accounted for.
To circumvent this problem, the more general double soft-gluon limit has to be considered, which
describes correctly the double- and single-logarithmic contribution. This is especially important
when non-global observables [3| 4] are calculated, where the cancellation of the infrared (IR)
divergences only takes place, when summing over all emissions, due to the Bloch-Nordsieck
theorem /Kinoshita-Lee-Nauenberg theorem. This resummation can be achieved by systematically
solving the soft-gluon evolution equations [4} 5] in colour space. Why Monte Carlo methods are
required can already be seen at the example ¢g — ¢g, the required colour factor for the squared

amplitude is given by

1 N 1 N N N N
T 2 2L 2 |2 ) () (1.2)
a=1"" b=1c=1d=1|g=1

where t® are fundamental representation matrices of the generators and t9 the structure constant
of the Lie group SU(N). For N = 3 these are already 3% - 8 = 648 terms to evaluate, which

showcases why for more complex processes Monte Carlo methods are needed.



1.2 Overview

The thesis is structured in the following way:

In the first section [2| basic facts about quantum chromodynamics (QCD) and its Lagrangian
density get recapitulated, especially about their underlying Lie Group SU (V) and their Lie algebra
su(N). Then the later needed renormalization program will be shortly reviewed. Furthermore,
the basic ideas of the needed Monte-Carlo (MC) methods get introduced.

The second section [3]is then about soft-gluon evolution equations, which provide a resummation
of soft-gluons. To do so, the necessary QCD factorization formulas, for the single and double
emission case, will be briefly revised, including a short discussion about the relation between the
two underlying limits, from which the factorization formulas follow.

In the first part of section [ an extensive discussion about the colour space and the colour
operator(s) defined on it is given, different possible basis choices are shortly presented. The
second part of this section is then dedicated to the colour flow basis, and the illustration how the
necessary calculation can be executed.

The part of this work concerned with the necessary numerical methods starts in section [5] here
the Sudakov veto, the weighted Sudakov and a new possible extension of the latter are presented.
The former two are then supplemented with the competition algorithm, such that splitting rates
can be added efficiently, which is needed when simulating the amplitude evolution. Furthermore,
resampling methods are presented, for the case of only positive weights and the case where
there are also negative weights and lastly a possible resampling algorithm for complex weights
gets discussed. The resampling procedures allow one to improve the statistical convergence of
the weighted parton shower. Throughout this chapter, different studies of application of the
presented algorithm to different collinear cutoffs are given, for example, at the end the differential
cross section for the gaps-between jets observables is presented.

The next section [6] provides then the necessary ingredients to simulate double gluon emission
at leading and beyond leading colour order. For the beyond leading colour order calculation,
also the relevant ingredients for the necessary colour MC simulation, for including double gluon
emission, are presented. Furthermore, a detailed analysis of the leading colour contribution is
given. An algorithm to include double-gluon emission in a parton shower gets discussed.

The last section [7] then provides a short summary of this work, including a short presentation for
future application. This section concludes the main part of the work.

The appendix [§| provides details, skipped in the main part, such as the Fierz identity, some useful
integral formulas, the used colour-flow Feynman rules and its conventions, or some algorithmic
aspects for treating permutations algorithmically. Most importantly, the calculated necessary
function for double soft-gluon emission is listed, including the ordered limit. Also Lorentz

transformations in d dimensions are presented.

The diagrams, illustrations and flow charts in this work were either prepared with the tikz

package [6] or with JaxoDraw [7].



2 Preliminaries

2.1 Quantum chromodynamics

Quantum Chromodynamics (QCD) is a quantum field theory which is invariant under a non-
abelian local gauge transformation and describes the dynamics of coloured quarks and gluons.

The central and defining object of the theory is the Lagrangian density [8 (9],
1 L
Lqocp = —EF,Z,FGWJFZ% (i) — m;) Yy, (2.1)
i=1

where the sum runs over all possible flavours. The quark field ¢y with flavour f transforms under

the local gauge group SU(N) in the following way
SU(N) : ¢(x) — ' (x) = U(x)y(z) with U(z) € SU(N), (2.2)
where every element U(z) € SU(N) could be written as
U(z) = exp(if(x)qt). (2.3)

The 6(z), are local functions of the space-time point z and t* are the generators of the Lie
algebra su(n) of the Lie group SU(N) in the fundamental representation. The Lie algebra su(N)

is given by the following set of N x N matrices
su(N) = {M € gl(n,C); MT = —M, Tr (M) = 0}. (2.4)

In general the dimension of a Lie group G is defined as the dimension of its Lie algebra g. From
the definition ([2.4) of su(IN) one could deduce that dim su(N) = N2 — 1, hence

dim SU(N) = N? — 1. (2.5)
The generators t* of SU(N) satisfy the following relations
[t 8% = ifbete Te(t®) =0 Tr(t%’) = Tro®, (2.6)

where € is the structure constant of su(n) and Tx a normalization constant. If not otherwise

stated, the choice throughout this work is T = 1/2. The Casimir operators are

_N?-1

foudefbde — 05% % =Cpl  where Cy=N Cp= T (2.7)
Furthermore, one can establish the following frequently used relation
= (s Lauta) 28)
15 Ykl 2 ilOj5k N 170kl | » .

which is called Fierz identity. A proof of this relation is presented in appendix [C] The first term
in the Lagrange density ([2.1) is the kinetic term for the quark fields Aj;, where the field-strength



tensor £, is defined through
Ff, = 0,A% — 0,A% + gf** AL A, (2.9)
Furthermore, the so called covariant derivative ) = YD, is given by
D, =0, —igA", (2.10)

where g is the gauge coupling and A, = Ajt* , where a = 1,...,dimSU(N). The transformation
law of the gluon field is chosen such that Lagrangian density (2.1)) is invariant under the local
gauge transformation (2.2), particularly A, transforms as

A — U (@) AU () + ; (0" (2)) U(z) L. (2.11)

As a consequence, the transformation law of the covariant derivative D, is given by
D'" = U(x)D*(A)U (z) . (2.12)

As already mentioned the first term in (2.1)) is the kinematic term of the gluon field A, which is
also called gauge term. Note that other terms, which are also gauge invariant, would have been

possible, terms like
(@) (DD q(w),  [@(2)FuD"D (@), (Fu k™)t ete, (2.13)

but all these terms require coefficients with negative mass dimension to ensure that the action is

dimensionless quantity, which would lead to non renormalizable theory. A possible term would
be

Te[FF), (2.14)

where F is the dual tensor with F=F , but this term implies CP-violation, which is up to a
high accuracy not observed in QCD |[§]. In addition to that, the term is a surface term and
would not give rise to perturbative physics and will therefore not be included [8] .

To quantize the theory, gauge fixing and ghost fields have to be introduced. This is necessary
due the degeneracy of the gluon fields, which comes from the gluon field configurations, which
are connected via a gauge transformation. More concretely |10] every physical configuration
Aphys is identified with a gauge orbit A’ through A in the so called Faddeev-Popov procedure
[11]. An orbit A’ consists of all configurations which can be obtained from acting with the
respective gauge transformation U on A. Configurations of A, which are connected through
gauge transformations are called gauge-equivalent, hence Appys := {A’|A" = UA}. The physical

configuration space P is then

P = {Apnys)- (215)



This situation is sometimes described by the statement that P is the quotient space of the space

of configurations A = {A}, modulo the group of local gauge transformations G = {U},
P=A/G. (2.16)

A complete gauge fixing is therefore a parametrization of the quotient space by choosing a single
representative from each equivalence class.

There are gauge conditions, which are not ideal (for example the Landau gauge), ideal in the
sense, that the gauge conditions intersect with every gauge orbit exactly once. In principle there
could be three possibilities: A gauge orbit can intersect with the gauge condition only once (L),
more than once (L’), or it can have no intersection(L”), this is the so called Gribov problem
[10]. In the case of situation (L’) the literature refers to this by saying that Gribov copies are
present. In QED no Gribov copies are present, but in non-abelian theories they can occur in
certain gauges.

The whole quantization procedure of QCD is for example presented in [9]. In summary it is

necessary to add a gauge fixing term, here the covariant gauge, and in order to preserve unitary

ghost fields ([2.1)
1
Eﬁx+ghost = _275 (auAa,u) (8VAaV) + 8,/’7aT (8“(5ab + gsfabcAc‘LL) 77b, (217)
where 1 are the ghost fields which are unphysical complex valued Lorentz scalars which obey
Fermi-Dirac statistics and furthermore transform under the adjoint representation of the gauge

group. Different gauges are then chosen by assigning different values to £, often the calculations

are most easily arrived in the Feynman-t’'Hoft gauge where & = 1.

2.2 Renormalization

The following section aims to give a brief overview over the multiplicative renormalization
program needed to develop the amplitude evolution equations. The section is based on the
respective chapters about renormalization in [12], [9] and the lecture notes of "Particle Physics,
Standard Model and Phenomenology" [13].

In relativistic quantum field theories complications arise due to the occurrence of UV-divergencies
and IR-divergencies in the calculations of loop integrals. In order to circumvent the problem
of UV divergencies a suitable regularization prescription for the gauge theory has to be found,
such that the divergences can be eliminated by absorbing them into renormalization constants of
unphysical quantities, such as constants and fields.

The traditional way to regularize UV divergencies was to introduce a cutoff scale A. The
problem with this approach is that the resulting expressions are no longer Lorentz and gauge
invariant. A technique to parametrize the arising infinities, while keeping the quantities Lorentz
and gauge invariant is dimensional regularization (dimreg). The idea is that some integrals I(d)
converge in certain dimensions, while they are divergent in others, therefore to parametrize the
divergences one analytically continues the integral I(d) to a meromorphic function I(d) : C — C.
The analytical continuation is in general not unique, since in order to achieve uniqueness a

meromorphic function must be defined at least on an open neighbourhood of a point p € C. The



non-uniqueness poses no problems in concrete calculations, since only the correct limits dlirzl I(d),
s d*

where d* € N, are of interest. Due to the generalization of d € C, one has to multiply the loop

integrals by a parameter ;*~¢ such that the correct dimension is persevered. Furthermore one

chooses d = 4 — 2¢ and € < 1. The encountered loop-integrals are therefore of the form,

I(d) = u4_d/ddkf(k2). (2.18)

Extra care has to be taken with respect of the numerator which is typically proportional to
a product of gamma matrices, hence the gamma matrices and their algebra also has to be
generalized to d dimensions. A popular choice to do so is the so called t’Hooft Veltman-scheme
[13,19]. To perform the calculations of the loop integrals the arising integrals can be brought in

the standard form such that following formula could be used for the evaluation

dkd (k)" e AT—m '(n+d/2)I'(m —n—d/2
/ md/Q(k(Zzl)m = (g HE f&fp(dm = (2.19)

The divergencies of the theory are then parametrized as (u?/Q?) - (poles ine€), where Q? is the
outer momentum scale.
Renormalization then subtracts terms of the form — (u?/p%) - (poles in€), which changes the

dependence from p to the renormalization scale g, since for example

2\ € 2\ € 2
CIEGERC RS

Defining the structure of the divergent part is however a non-unique procedure. Different possible
definitions are referred to as subtraction schemes. For example, the scheme, where only 1/¢
is subtracted is called minimal subtraction scheme. Another popular choice is the MS-scheme,
where also the constant In(47) — yg gets subtracted. The MS-scheme has the advantage that it
could improve the speed of convergence of the perturbative series.

A general quantity X (u,€) in dimreg is then renormalized through the following relation

X(p,€) = Zx(p, pr, €) Xr(1r), (2.21)

where the left hand side of the equation shows the un-renormalized (bare) quantity and the
right hand side the divergent renormalization constant Zx and the finite renormalized quantity
Xr (1gr). The renormalized quantity can therefore be obtained by calculating the limit Xg(ur) =

lim._,q Z)_(lXo(u, €), which implies an evolution equation in pp,

— X = lim Z3' X, ) 2.22
Ton Rr(1R) Ty T Zx o(p, €) (2.22)

If a cutoff A is used as regulator then instead of one would start from X(u,A) =
Zx (t, pra)XRr(1) and subsequently, the limit A — oo has to be calculated to obtain the
renormalized quantity.

Expanding in the renormalized coupling gr < 1 allows one to calculate Zx in a perturbative



manner,

L N* oy (BN 2@
Zx (p, pro€) =1+ () IrZY + <> 9z + - (2.23)
IR IR
The renormalized coupling gp itself is related to the bare coupling g through (2.21]) and(2.23)

g (s iRy €) = Zy (1, prs €) gr(1R)

2e 0 4de 2 ()
=1+ () N+ <> A S UR)- 2.24
( 9r g IR g gR( R) ( )

Redefining gr — (ur/p)*gr gives with the appropriate Zg that

g (ps iRy €) 117 = Zy (1, gy €) w5 gr(R), (2.25)

2¢ i3 sometimes referred to as the bare

which is the reason why in the literature g (i, g, €) p
coupling and ,u%{gR(u Rr) as the renormalized coupling in dimensional regularisation. Through the
expansion in the Lagrange density could be written as a sum of the renormalized Lagrangian

Lren and the counter term L
['bare = Eren + Ect- (226)

The L. term then generates the counter-term Feynman rules which allow one to obtain finite
results. In general, a theory is called renormalizable if only a finite number of counter terms is
needed for the renormalization procedure.

QCD is such a renormalizable theory, where the necessary renormalization transformations are

AC = 232 A0 g,
v =2,
M= Zy 0.k
9= Zg49,
m = Z,mg, (2.27)

which allows, through the expansion in the renormalized coupling to derive L., and L. and
therefore all Feynman rules, including the counter term Feynman rules [12].

To relate the renormalized quantity Xr(u) to different energy-scales pp, its renormalization
group equation (RGE) has to be solved. How to do so will be demonstrated in the following
for the n-point Greens function G. Note that the same principle will be used to solve the RGE
for the cross section.

The bare Green’s function G is related to the renormalized Greens function Gg as

G (g0, momo, {pi}iz1) = Z,""*Gr (9r(1r), me(ur), tir, {pi}ie) (2.28)



where p is the mass regulator (¢t’Hooft) and Z, "/2 the field renormalization. The evolution

equation of the Green’s function is

9 9 9 L
(MRaMR + 59633 + MRV n’wp) Gr(gr(pRr)smRr(pR), bR, {Pi}i=1) = 0, (2.29)

which is called the Callan-Symanczyk equation. The introduced quantities are defined through

_ Ogr
ﬁg :LLRa'u )
_ Hr Omg
mp OUR
1 0
= Z Y up—2,. 2.
Yo = 5% Hrg T (2.30)

The expression 3, is the beta function of g, 7, the anomalous dimension and <, the field

anomalous dimension. Performing a variable transformation such that

_dir _ 49 _ dmg (2.31)

dt — — — ——— ,
2 B (ngmR/:uRv 6) MRYm (ngmRv 6)

with the initial conditions fiz(t = 0)ugr, Gr(0) = gr, Mr(t = 0) = mp simplifies the Callan-

Symanczyk equation into

d n
(5~ ™) G g s (pi) i) =0, 2:32)

Integrating the differential equation then gives the solution

n IR Yol z
GR (gR>mR>MRv {pz}1:1) = €Xp <_n d£ #(x)

9R 59(53)) Gr(Gr, MR, gy {Pitiz1) - (2.33)

2.3 Generating Random Variables

In this chapter the basic techniques and notions to generate random variables, that are distributed
according to a general probability distribution 7, will be introduced. At first, one has to be
able to generate random variables distributed uniformly on the interval [0,1]. To generate a
sequence of true random numbers on a deterministic machine is of course not possible, but what
the computer can do is to generate pseudo-random variables. Such a program is called a uniform
pseudo-random number generator and is an algorithm that starts from an initial value, often
referred to as seed and generates, with a large periodicity, a sequence of numbers in the interval
[0, 1], which mimics, a sample of independent identically distributed (i.i.d.) uniformly distributed
random variables (X7, X2, ...). Such programs are widely available and will be taken for granted.
The following chapter is mainly based on the book [14], chapter two and on the book [15], chapter
four.

The simplest techniques to produce non-uniform random variables is the inversion method, which
is in general applicable for one-dimensional distribution function f if its cumulative distribution

function (cdf) F' is known and invertible.



Theorem 1. Let F' be the one-dimensional invertible cdf and U ~ Uniform[0, 1] a random
variable, then the random variable X = F~(U) is distributed according to F. The inverse is
defined as F~!(u) = inf{z € R; F(z) > u}.

Proof 1. Let U(0,1) be the uniform distribution on [0,1] and f = F”’ the distribution function
of the cdf, then

f(z)dx =U(0,1)du. (2.34)
Integrating both sides gives
/ f(2)dz = F(z) = u. (2.35)

Due to the assumption that F' is invertible, it is possible to solve for z,
= F~(u). (2.36)

O

Ezample. Consider the probability density f(z): (0,1) — R, f(z) = 2z, then u = [ 2zdz = 22,
hence x = y/u. Another example is the exponential distribution g(z, A) = Aexp (—Az), then

u= [y Aexp(—Az) =1 — exp (—Az). Solving for x gives 2 = —3 In (1 — u). When the sequence
u; is evenly distributed, then 1 — u; as well, hence the exponentially distributed sequence is

given by z; = —3 In (u;).

In practice the assumption that the cdf exists or is invertible does not always hold. In such cases
the so called rejection method could be applied. The method is at least in principle applicable

for any density function, known up to a normalization constant.

Theorem 2. Let f(z) = er(z) be computable and 7 (z) a probability density function, whereas
the constant ¢ could be in principle unknown. Then, if there exists a probability distribution g(z)
and a constant M > 0, where it is possible to draw samples according to g(z) and Mg(z) > f(x)
for all x, then the following algorithm allows to sample according to the target probability

distribution ().
(I) Propose a sample z according to g(x) and compute the ratio r,

. @
Mg(x)

. (2.37)

(IT) Accept the proposal = with probability r, if the proposal gets rejected return to (I).



Proof 2. To show the correctness of the algorithm, let’s define that I = 1, if the proposed
event was excepted and I = 0 otherwise, then the probability to accept the sample is
f(z) ¢

Mg(x)g(x) do = i (2.38)

P(Izl):/P(Izl\X:x)g(:c)da::/

The distribution of the accepted events p(z|I = 1) can then be deduced by noting

plalt = )P =1) = 515 g0), (2:39)
hence
p(z|l =1) = n(x). (2.40)

O

The algorithm is 100% efficient in the sense that it terminates with probability one. From ,
where of course M > ¢, it is evident that for an efficient implementation of the algorithm it is
beneficial to find a trial distribution g(x) such that the constant M is small and furthermore
g(x) is similar to the target distribution. In most of the practical implementations the rejection

method is rather difficult to implement, at least for high-dimensional distributions.

2.4 Markov Chains and Monte Carlo integration

In this chapter Markov chain Monte Carlo (MCMC) methods will be introduced. In its essence
MCMC is Monte Carlo integration while using the framework of Markov chains. The necessary

definitions are give in the following. The section is based on the introductory chapters of [16]
and |17].

Definition 1. Let T be an index set, where T is usually N or R, representing time, then
a sequence of random variables {X;};er is called a stochastic process. A stochastic process
X = (X, )nen is then called a Markov chain, if the probability to transition from state X to
X1, denoted by P(X,11 = X 1|X,, = X}}) satisfies

P(Xn41 = X;+1|Xn =X;)=P(Xn41 = X;+1|Xn = X5, - Xo). (2.41)

A more intuitive picture to the mathematical definition is that given a state X, the probability

to be in the next state X, ,; does not depend on the full history of the chain. Note that the given
definition covers discrete Markov chains as well as continuous Markov chains. In the literature
P(-]) is also referred to as transition probability of the chain, for all n € N the transition

probabilities satisfies

0<P(Xpi1 =X |X,=X)<1 and /dx;;HP(Xn+1 = X} 4| X = X)) = 1.
(2.42)

The probability to be in step n in the state X, while starting from state X, is then given by

P(X?) = P(X!|Xo = X7). (2.43)

n

10



Then, the probability to be in step n+ 1 in state X}, | is given by the following recursion relation

n n

Pot (X7) = [ AXIPOGXDPXG), (244

where the integral becomes a sum in the case of discrete Markov chains.
Now with some knowledge of random variables and Markov chains the notion of Monte Carlo
integration can be given. The expectation value Er[f(x)] of some integrable function f(x), with

respect to the probability density 7(x), is defined as

Edlf(@)] = [ f@)r(@)da, (2.45)

where V' denotes the domain of the probability density =, therefore [, 7(x)dx = 1. Then, with
the shortcut notation Vol(V) = [, dz, the integral I could be rewritten as

= /V F(z)da = Vol(V) /V Voll(v)f(x) dz = Vol(V)) By [f(x)], (2.46)

where the probability density 7(x) is the uniform distribution on the integration volume V. Monte
Carlo integration techniques then approximate the expectation value E;[f(x)], from (2.45), by
drawing samples {X;}!" |, with X; ~ 7(x), by

> Fx). (2.47)

In the following the estimate for the integral I will be denoted by I, and is, as argued before,

given by
S (X, (248)

To quantify the quality of the estimate Iyjc the variance o7, can be calculated. Using the property
that if X = Y7 ; a;X; then Var[X] = 31" | a? Var[X;], and the assumption that for the identical

distributed random variables X; the variance is finite, it follows that

Vol(V')

n

_ Vol(V)?

n

Var [Ivc] = ( Var[£(X,)]. (2.49)

2 n
) S Varlf(X))]
=1

N2
The variance is defined through Var[X| = FE [(X - X ) ], therefore an estimate for Var [f(X;)]

is given by

Var l£00] = B[ (70x) - 7X0)] = F ) (2! <Xi>)2] s
In total the variance of Iy reads

Varltye) = YR [EIE - (RIS L v BT | =

n
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This is one particular case of the law of large numbers, a stronger version states that the average
of random variables, denoted by fi,,, with identical mean p and finite variances tends to u as n

goes to infinity
lim fi, = p with probability 1. (2.52)
From the central limit theorem it follows that
vn (fn - I) "2 N(0,0%)  in distribution. (2.53)

The error of the Monte Carlo approximation is therefore O(y/n), independent of the dimension-
ality of the integration domain, provided that one samples from the Gaussian regime and n
large enough. A classical counterexample, where the law of large number is not applicable, is
f(z) = ﬁ integrated on the interval [0, 1]. Since f(z) is not square integrable on this interval,
the variance is not finite. The un-applicability of the law of large numbers does then not mean
that one could not use Monte Carlo integration successfully to approximate the integral of f(x)
on [0, 1].
Although the presented Monte Carlo integration method converges already faster than conven-
tional Riemann sums in high dimensions (d > 4) one could easily come up with examples, where
computation time is wasted due to the evaluation of points on which the function is nearly zero.
The solution to that problem is to sample from regions, which contribute to the integral more
often, this technique is called importance sampling. The procedure goes as follows, consider
again problem and rewrite it with the probability density g(x) as

r=Elr) = [ @5 g de =, [0 7] 259

v g(x) g9(z)

where g(z) has the same support V' as w(x). Then draw {X;}? ;, where X; ~ g(z) and calculate
the weights w(®, defined as

w® = , for i=1,...,n (2.55)

and approximate the expectation value (2.45)) with

1

Eelf(e)) ~ 5 3wl f(X0). (2:50)

i=1
Importance sampling is of course only beneficial if it is computationally cheap to sample from the
trial distribution g(z). Another advantage of that method is that the variance of the estimation
could be significantly reduced if the shape of g(z) is close to the integrand f(x)m(x). This is

also the reason why in the literature this method is sometimes referred to as variance reduction
method.
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3 Soft gluon evolution

3.1 QCD-Factorization

QCD factorization formulas appear naturally in soft or collinear limits and provide a tool to
describe realistic initial or final states iteratively. They play, not only, a crucial role in the
development of parton showers but also in the development of soft-collinear effective theory
(SCET). At first, the eikonal approximation will be discussed, then the resulting factorization
formulas for the single and double gluon emission case. The main sources for this section are [3]
and [2].

The eikonal approximation and eikonal current are the main ingredient to describe the factorization
property of the tree-level matrix element Mgy 4, . 4, (¢,P1,...,pn) in the soft limit g — 0 and are
consequently the main ingredient to describe the evolution of the amplitude in the case of gluon
emission only, see section |3.2] at leading order. The arising singularities of the soft limits are so
called infrared (IR) singularities, the other type of IR singularities are collinear singularities. In
sufficiently inclusive observables singularities, arising from soft gluon emission, will cancel each
other. In not inclusive measurements the cancellation is incomplete, which then leads, due to
logarithmic enhancement, to a larger emission probability of the soft gluon. Soft gluons are, due
to their large wavelength only sensitive to the global structure of the event and consequently
only dependent on the hard momenta of the final partons and their colour connections. In the
case of soft photons this phenomenon is described by Low’s theorem [18] with the difference that
in that case the factorization is exact, due to the lack of charge correlations. To demonstrate
the described property in the QCD case let’s consider N hard final state partons with the set of
momenta {p!'}¥ |, where in addition also all relative transverse momenta are hard. With these
conditions the arising soft singularities can only have their origin from the soft gluon, emitted
from the i-th external hard parton. The situation is depicted in figure|[l] the grey blob represents
the process with N — 1 hard final partons, where each parton does not emit a soft gluon, whereas
the line, labelled with ¢ represents the hard parton with hard momenta g + k, which emits the

soft gluon with momenta k and colour label a.

k,[l,(l

k+q

q,1

Figure 1: Soft gluon emission of a final state, consisting of N hard partons.

Applying the Feynman rules from appendix [E] to the described situation gives for the amplitude
of N + 1 partons

(}é+g]+m>
(q+k)* —m2+1i0

iMN T (g, k) = igstlie* (k) a(g)y" MY (g +k). (3.1)
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Using the commutator relations of the gamma matrices to interchange v* with the slashed four
momenta in order to be able to apply the Dirac equation ( - m) u(p) = 0 results in

: L 2q" + 1k
R

N
M (g +Fk). (3.2)
The soft gluon approximation is then performed by replacing the four momenta of the gluon k
by Ak, where A > 0 and letting A — 0. Furthermore, Taylor expanding the amplitude of the N
partons /\/lév (g + \k) = M;V (q) + O(N) gives with the previous result

MY (g, k) = igutgy - )4

N 0
M (q) + O(N7). (3.3)
The eikonal approximation is then the leading term in the particular limit A — 0. Summing
over all external hard partons in the eikonal approximation and with the definition of the colour

charge operator T;, introduced in section [4, gives
N o
A AN+1 o x N
iMNT (g, k) = igse* (k) (; T}~ q) M3 (q). (3.4)

The factorization formula [3.4) was here derived in a concrete basis, concretely in the trace-basis,
but the statement is of course basis independent. Keeping this in mind and generalizing to
d = 4 — 2¢ space-time dimension, the factorization formula can be brought in the following form
2

(e Mgar,...an (@ P15 s Pn)) 2 gspt* T ()| May.,....an (P15 3 Pn))s (3.5)

where ¢ and p a colour and spin index respectively and =« means equality up to terms which are

less singular than 1/q. The factor J#(q) is then referred to as eikonal current, defined as

"
1

() =3 T, -2 (3.6)
=1

pi-q
which depends on the momenta and the colour charges, through the already introduced colour
operator T; of the hard partons in the considered matrix element. An important property of the

eikonal current is that for a colour-singlet state |Mag, . 4, (p1,...,pn)) colour is conserved

unM(Q)’Mal,...,an (ph 7pn)> = ZT’i‘Mal,...,an (pla 7pn)> =0. (37)
i=1

This is an equivalent way to say that the amplitudes are gauge invariant, which then also
implies that the sum over all soft gluon polarizations of the squared amplitude is gauge invariant.
Although the squared amplitude is strictly speaking not particularly important for this work,
since this work aims to show how the amplitude could be simulated directly, the most important
fact will be summarized in the following for completeness. For that it is useful to introduce the

gluon polarization tensor d,,(¢) = (—nu + gauge terms), which yields

n

3@ du (0)37(q) = = S Ty - T;— LB (3.8)
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where in the dots terms are only proportional to ¢* or ¢”, due to longitudinal polarizations,
hence these terms are proportional to the total charge >, T; and when they act on a colour

singlet state they vanish. Therefore, the squared amplitude factorizes in the following way

n
(Mgar,oan (@01 00) [P 2 =dmagp® Y Si(@)| MG o, (015 00) %, (3.9)
i,j=1

where the scalar eikonal function for the emission of a single gluon S;;(¢q) was introduced and is
defined as

()~ Pi P
539 = G oy @) (3.10)

or in terms of the sub-energies s;; = (p; + p;)?

2845
Sij(q) = 7Siq;jq- (3.11)

The [M%7 . (p1,....pn) |* are the square of the colour-correlated tree amplitudes and defined as

’Mgf7---,an (pl, --'vpn) ’2 = <M(11,~~,an (plv -"7pn) ’Ti ) Tj‘M(ll,m,an (ph "-apn)>

c1y.0.bibjen c1yendiondj...cn

*
= ( al,...,0n (p17 7pn)> tgldltlc)]dealyyan <p17 7p71) ]
(3.12)

they take, as the name suggests, the colour correlation, produced by the emitted soft-gluon into

account.

Now the double soft gluon case will be discussed, for that the double soft gluon emission current
Jup** gets introduced. The double soft gluon emission current describes the situation when
the momenta of two gluons become simultaneously soft. This particular limit was for the first
time independently studied in [19] and [20]. Concretely, let’s consider the QCD tree-amplitude
Mg g.ar,...an (q1,G2,P1, ..., Pn), where the momenta of the gluons become simultaneously soft. The

limit is obtained by rescaling the momenta g; and gs, of the two gluons
@1 — Aqa, q2 = Agz, (3.13)

and then letting A — 0. In that limit the matrix elements then fulfil [2] the following factorization

formula

(a1, ag; p1; 2l Mg,gar.an (Q1, G2, D1, - Pn)) = G317 T2 (01, G2) [May o an (P15 i Pn)), (3.14)
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where Jj172 is the double soft gluon emission current, a1, ag colour indices and 1, po are the

Lorentz indices. The two-gluon soft current reads

H2
Ja1a2 — Z Tal pl TGQ p]
pakz iz  Pia T pi-qe

P qi” Py
+ |: 5a1aTa2 7 fagala Ta 1
Z ( Di*q2 ‘pi (@1 +q2)
5a2aTa1 pz _ alaga q2 T
Pi-q1 Q1+Q2)

faa1a2Ta gt p; - (CI2 - ‘h)} (3‘15)

@ -@pi-(e+aq)

The double soft limit is more general than the previously considered strongly ordered limit,
where p; > q1 > q2 Vi € {1,...,n}, and reproduces correctly the single- and double-logarithmic
soft singularities, whereas the iterated and therefore strongly ordered single gluon emission
current only reproduces the double-logarithmic soft singularities correctly. The current
could be for example derived while using a physical gauge and by applying soft-gluon insertion

technique, described in [2]. The contributions, produced from the current .J 2, are depicted in
figure 2

a1

Qo Q@ G2
Q1

{ i le—2 i

ki \

(a) (b) (c)

Figure 2: Diagrams produced by the double soft gluon emission current Jj /2.

Diagram (a) originates from the first line in (3.15]), (b) from the second and third line and (c)
from the fourth line, which has its origin from the non-abelian character of the colour algebra.

From (3.15)) the following three properties [2] of the current Jjj1 42 could be derived:

o The current J;! i2 is invariant under the exchange of the two soft gluons

T (a1, a2) = J32 i (a2, q1), (3.16)

which is an expected property, since in this particular limit the emitted gluons have no

ordering.

e The divergences of J% %2 are proportional to the total colour charge

M1 p2
@ = (JIE (42) Gaya + fm@a : ) Z T¢ (3.17)
GrI e = (J;L; (q1) daza + fmla ' ) Z T, (3.18)
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from which it follows that current Jjj! 2 is conserved and also that the resulting amplitudes

are gauge invariant.

* In the ordered limit ¢g» < ¢; the current Jj} i2 becomes

K2

R . q

J,gll Zg 224 (J;E(Saw + Zfa1a2a1.> J,31 (ql), (3.19)
q1 - q2

which is a product of two eikonal currents, that match the result if the leading-order

factorization formula gets applied. Note that is only the leading contribution in the

limit A — 0 after replacing go with A?¢y and ¢; with Ag;. The last term in vanishes in

the strongly ordered limit due to colour conservation.

In [2] also the resulting factorization formulae for the squared amplitude are given, they could
also be derived in the same fashion as in the case of single soft gluon emission. But for the
latter applied algorithm, described in chapter the formula for the squared amplitude is not
necessary, since the algorithm describes the evolution of the amplitude M rather than from the

absolute value |M|?.

3.2 Soft gluon evolution equations

In the following the algorithm to calculate the cross section for the emission of n soft partons, at
leading order, is presented [4]. The algorithm assumes energy ordering in successive emission
energies £y > Ey > --- E,, of the emitted soft partons. The algorithm in this section is the basis
to generate partonic events within a Monte Carlo simulation.

The idea is to start from a hard scattering operator [5]
H(Q) € (|colour) ® |spin)) & ({spin| ® {(colour]|), (3.20)

which is the initial condition of the evolution and () is the total external momentum, and then
to dress up the initial state with soft partons, either with 1-loop virtual exchanges or 1-real
emissions. The process of dressing up the hard scattering matrix is then described, as suggested
by the soft factorization formula, by applying successfully the Sudakov operator V,, which
describes virtual exchanges at 1-loop and then the real 1-emission operator D'

More concretely the algorithm goes as following, the operator A,, = |M,,)(M,,| denotes the state

with n emitted soft partons and is defined recursively through
A, (E) = Vg g, DIA,_1(E,)D}, Vi, O(E, — E), (3.21)
with the initial condition
AO(M) = V#,QH(Q)VL,@ (3-22)

which is the initial hard scattering matrix H(Q) dressed up with one virtual exchange.

The O(E, — E) in denotes a Heaviside function, which ensures energy ordering in successive
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emissions of the soft partons. The differential cross section is then given by

oo = Tr[Ao(p)],

doy = Tr[An(p)] [T d1L. (3.23)
=1

In the eikonal approximation the real emission operator D' and the Sudakov operator V,; are

given by

"
D =y mm
J J 1

Vup =P {exp (— ' de, I‘n(E)> } (3.24)

whereas the sum in the real emission operator goes over all partons, T; denotes the colour charge

operator and I',, the anomalous dimension matrix. By differentiating the recursion relation (3.21)

with respect to the energy F and multiplying with E one obtains the following evolution equation

g 0AN(E)

55— = Du(B)An(E) + A, (E)T}(E) - DiA,_1(E)D] ,ES(E — E,). (3.25)

The evolution equation could then be generalized to higher orders and more emission, this was

done in |21], the generalization reads

Ea‘%’éE) =T,(E)A,(E) + An(E)T}(E) - ij RM(E)A,_«(B)RPI(E). (3.26)
Here Rglk) is the generalized emission operator, describing how from a n — k parton state k
partons get emitted. One major goal of this work is to find the explicit expression for the double
emission operator Rg).

To start with the postulation of the evolution equation of the operator A, would have been
equivalent to the path that was taken in this section, since the recursive definition of the operator
with the chosen initial condition solves by construction the evolution equation.

The operator A, itself has still IR singularities and therefore the multiplicative renormalization
procedure, as discussed in section has to be applied. How this can be done is shortly
presented in the following and based on unpublished notes [22] of Simon Plétzer.

Let’s denote the renormalized operator of A, with M,,, they are related through

n
M, = ZnAnZIL + Z O‘gEq(zk)An—qu(mk)T@n,h (3.27)
k=1
where Z,, is the renormalization constant. The operator M,, itself is independent of the renormal-
ization scale upr and the resolution scale S, since it is by construction a renormalization group

invariant. The operators Z,,, Eglk) have the following expansions

Z, =1+ okzl  Ef =Y olE}F). (3.28)
k>1 >0
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Similarly for the anomalous dimension operator and the emission operator

Tsn=> akTs,  RE),oREN = akREY o R (3.29)
E>1 k>0

The d-dimensional S—function has the expansion

Osos = ag Z 557;6,104@ where BRr—1 = —2e. (3.30)
E>0

In this work only the evolution with respect to the resolution scale is of interest, hence the
appearing generalized S-function could be regarded as zero, since dgag = 0 if S # R. Differenti-
ating [3.:27] and comparing with the generalized evolution equation [3.26] while keeping in mind

that E;) is independent of the resolution scale, gives for the renormalization constant
T, =—-Z,'95Z, = 0sInZ_ . (3.31)
Furthermore, when differentiating with respect to the resolution scale S,

Ry, o Ry, =Y o BI01950,,

+E o aSE<1 0te,1 + 95BN o B0,
+EM o EXOT8g 105,
=E(Y o B 0050,.1. (3.32)

Rg’;}l) o Rél’;ll)T _ (E(1,1) o ELOT 4 B0 6 E(l’lﬁ) 05O 1
(Lbtg, 4

n

+EIY 0 9sELVT0,,, + EMY 0 ELL

4 aSEg"l) o Enl,O)T@n 1+ 8SE$L1,0) nLl)T@n 1
+ 2B, o BN Bg 101

_ Z%l)Rg’;?) o Rgl’;?ﬁ + RES‘%;S)FA(S'{ZL o Rgl’;?ﬁ
_RUD G REOTZOT L RO o PIRAOT

+ RSV oRY 850 (3.33)

R{ o RGY = B2 0 BZ01050,,5
+EPZ 0 9sERV10, 5 + 0sEPY 0 EZVT0,,
+2EC0 o E2DT55 10,5
-BORLY, oREYIELVG,,

=E?9 o E?01940,,, — Eq(ll,O)E(l 0, E“;OI”E;LO)T@”J8s@n_1,1 (3.34)

n n—1 n

(2,0

The expression RS;L) o Rg;? T is the key ingredient for simulating double gluon emission and

will be further discussed in section [6.3

The rest of the section is concerned with the notion of observables, which reflect for example

the special geometry of a certain detector setup within a collider experiment. In general, an
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observable X is formally represented by

E(:U’) :/Zdanun (p17p27"'7pn)7

n>0

=2 (ﬁ /dHi> Tr[An]un (p1,p2, -, Pn) (3.35)
i=1

n

where the cutoff dependency of the observable was explicitly written down, the functions u,, are
the measurement functions and the p; are the momenta of the emitted soft gluons.

In especially simple cases the measurement function is factorizable, in the sense that

n

Un (p1,p2, - Pn) = | [ w(@)- (3.36)

=1

This is the case, for example, for the hemisphere jet mass and the gaps-between jets, where

u(gi) = 0O (p—¢) + O(a; — p)O(Qout)
= @ (P - Qi) (@(Qm) + @(Qout)) + e(QZ - p)@(Qout)
= 0(Qout) + O(p — 4:)O(2in), (3.37)

and the scale p satisfies u < p < Q.

in gap region

out gap I‘W\ out gap region

Figure 3: Gaps between jets observable in the back to back frame for a quark and antiquark
pair.

In general, there are two types of classes of observables, global and non-global observables. Global
observables are everywhere restricted in the phase space, whereas non-global observables are
restricted in certain patches of phase space. The hemisphere jet mass and the gaps-between
jets observables are for example such non-global observables. For global observables a fixed
order algorithm to calculate the cross section would have been sufficient for a precise prediction,
since then the infrared divergences completely cancel between the virtual and real emission
contribution. In the case of non-global observables the problem is that large logarithms appear
[3] and a summation over all possible emissions is necessary, such that the IR divergences cancel
sufficiently. This is guaranteed by the Bloch-Nordsiek/Kinoshita Lee-Naunberg theorem. The

algorithm presented in this section provides such a resummation procedure.



4 Colour space and colour-flow basis

4.1 Colour space

The following section aims to introduce the colour-space formalism. The colour formalism is
a framework, where amplitudes involving many partons can be treated in a systematic and
transparent way. The formalism was mainly developed to describe the soft behaviour of tree-level
amplitudes, but it is more general and could be extended to other regimes. Despite the possible
generalization the following primarily aims to describe the evolution of amplitudes in the soft
limit. Perturbative QCD amplitudes have, as suggested by the QCD Feynman rules (see appendix
, the following structure

amplitude = colour ® kinematic, (4.1)

where the colour part has its origin from the non-abelian character of the theory. A formal

definition of the colour space is then given by [23].

Definition 2. Let’s n, denote the number of quarks and n, the number of gluons in the
considered process. A colour structure or colour state is then a tensor ¢ € (V @ V)" @ A%
due to the fact that only colourless states can be observed, are singlets and therefore transform
under the trivial representation of SU(N). The colour space C,, with n = 2n, + ng partons, is
then the colour singlet-subspace of (V @ V)®"a @ A®"s,

So the defining representation of the gauge group SU(N) is carried by the vector space V = CV,
where CV could be equipped with a scalar product. The scalar product on C then induces
also a scalar product on V and A, or on any tensor product of V,V, A. For the colour states
a,be (Ve V)@ A% the scalar product is then given by

(a,0) = Tola’d] = (((@)5.)" (0))" .. (42)

To describe the colour structure an abstract orthonormal basis for the n? dimensional

colour + helicity space has to be introduced [2], the basis is denoted by

{‘Cl,CQ,...,Cn>®’51,52,...,8n>}, (43)

where one may notice that the usual rule was applied that Hilbert spaces, describing different
degrees of freedoms, get combined via the tensor product. Later in this work a concrete basis
will be chosen in order to describe how concrete computations could be done.

Then, by construction, the tree-level matrix element for n final-state partons, denoted by

MELoC25:-:Cn381,525-05n
a1,a2,...,an )

(4.4)

where {ci1,ca,...,cn, }, {51,52,...,8n} and {ay,as...,a,} are colour, spin and flavour indices, can

be written as

MGt Sn (py sy pn) 2= (€1, €2y ey Ca| @ (81, 82, 05 80]) [ My an (P15 --D0)), (4.5)
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hence the amplitude |[Mqg, . 4, (P1,...pn)) itself is a state in the colour+helicity space.

The matrix element squared |M|? is then given by

MP = 3 30 Mot (o) Mo (py, )

colour spin

= <Ma1,...,an (p17 7pn) |Ma1,...,an (plv 7pn)>
= [May,.an (1, 00) |2, (4.6)

where in the first step the completeness relation for the colour + helicity space was used. In
the soft limit the emission of a gluon does not affect the momenta and spins of the radiating
partons, however, it always carries colour charge away, which leads to colour correlations. So in
order to describe soft-gluon emission and therefore the colour correlation in the soft factorization
formula, it is convenient to introduce the so called colour charge operator T;, which contains the
relevant information of the colour charge of the emitted gluon, from the parton labelled by the
index i. The colour charge operator appears naturally when one develops factorization formulas
in the soft gluon emission limit, but can then also be used to describe the colour structure of
amplitudes outside the soft limit.

On the spin subspace the charge operator acts like the identity operator, so it is sufficient to
define the colour charge operator T; via the action on the colour space. As already previously

indicated, the orthonormal basis for the colour space C,, for n partons is denoted by

{’017"'7071)}7 (47)

where the numbers ¢; label the colour charge of parton i hence i € {1,2,..., N> — 1}, N denotes
the dimension of the gauge group SU(N). The colour charge operator is then a map from the

colour space of n partons C, to the colour space for n + 1 partons Cy,11

Ti : Cn — Cn—i—l
Ti : |b1, ,bn> — Ti|b1, ...,bn>, (48)

where the action [2] is defined as
<Cl, ceeey Ciy oo .Cpyy C|Ti|b1, bl, bn> = 66151"‘chibi"'6cnbn (49)

and T3 := i feqp if the parton with label iis a gluon and Tj; = ¢7 5 if the parton with label i is a

quark. It is then possible to decompose T; in the following way
T, = C'Ty = T;C“, (4.10)

where on the right side the sum goes over a and the operator C® is a map between the n parton

colour space C,, and the n + 1 patron colour space C,+1, defined as

Cc* . Cn — Cn+1

C%: by, ooy by) — CUb, ooy by) = |1, ooy by 1), (4.11)
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and the operator T¢ a map between C,, and C,

T :C, — Cy
TS : by, .oy bp) — Tb1, ..., by) (4.12)
with the action defined through

<Cl, cees Ciyeeny Cn‘Tﬂbl, ceey bi7 ceey bn> = 58151"'Tgbi"'6cnbn7 (413)

where, again, T7 := ifcqp if index i labelled a gluon and Tf; = ¢35 if index ¢ labelled a quark.
From the respective definitions of the operators T{ and C* it becomes clear that they commute,
since T¢ only acts on C,, C Cy,+1, while C?, loosely speaking, simply enlarges a state from C, to
a state in Cpy1, without changing the state on C,.

That the decomposition in indeed reproduces the colour charge T; operator can then be

shown in the following way

(€1, .oy Cn,y c|C* - Ty, ,, bn) = (C1, ey Cny | T - C b1y, by)
= (1, e, Cn, | T |1, , b, a)
= (C1y ey | TEb1, ,, br)Ocq
= Gorpy o T -0 0%

= 5C1b1"'chibi'“5Cnbn7 (414)

which is in agreement with the definition of T; in (4.9). With the action of T¢ and the

completeness relation of the basis and expression for T¢|by, ..., b,) can be derived

TYb1, -y b)) = 3 1S coes fu) (1o o ful T b1, oo b
{f}

=Y Tfy b1, iz, fibiga, -.bn). (4.15)
fi

Now the product T - T, could be investigated, which mimics the colour flow of a gluon exchange

and therefore is a map from the C,, to the C,, colour space, with the decomposition it follows
T! . T, =T T, (4.16)
Explicitly calculating at the matrix elements of C%T . C? gives

(€1, .0y cn|COT - COldy, ..., dp) = (c1, ..., Cny aldy, ..., dy, b)
={(c1y .y Cnld1, eeeydp) daps (4.17)

therefore

{1y e | T Tld1, ey dn) = (C1, s e TET - €O CV - Ty ..oy )
= (c1, ooy | TET - T dy s oy i) O
= (c1, ooy Ca| TET - TYdy e dy). (4.18)
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Now, wlog 1 <1 < j < n, then

b
<Cl, <oy Ciy oeny Gy, ...,Cn|TgTj‘b1, veny bi, ceuy bj, ceugy bn>
b
= <Cl, vy Ciyeeny Cjyenny Cn’T? ZTfjbj’bl’ ceey bi, ceey bj—17 fj, bj+1, ceey bn>
fi

= (C1, oo, Ciy ooy Gy eens G| D T;{,biTJ?jbj]bl, s b1y iy bi 1y ey D1, fiy i1y eey )
fisfi

= 601b1"'Tcaib-' Tb b]'"‘(scnbn‘ (419)

e
From (4.18)) it follows then that
Ti : Tj = T?T;L, (420)

where, one the right side, the sum goes over a and therefore from (4.19) the colour-charge algebra
follows

T,-T;=T;-T, for i#j and T?=C;, (4.21)

7

the symbol C; (one should write C; - 1) denotes the Casimir operator, which depends on the type
of parton line i. If i labels a gluon then C; = C4 and if i labels a quark/anti-quark then C; = Cp.
A physical state |[Mg, . q, (P1,...pn)) is a colour singlet state, which is reflected by the relation

> TilMa,...an (P1:--Pn)) = 0. (4.22)
=1

In order to get some intuition for the colour algebra it is insightful to look at the simplest cases
possible [24]. The trivial case is the one parton case, where there is only one colour charge
operator T and the square T? equals due to the colour algebra to C1. The first interesting
case occurs when one considers two partons, then due to the colour algebra and colour

conservation
Ty - Ts1,2) = Ty - Tq|1,2) = —T%|1,2) = —T3|1,2). (4.23)

Hence all squares of charge operators {T%, T3, T; - T2} could, as in the previous example, be
written in terms of linear combinations of the Casimir operator C; = Cs. In the same way the
squares of the colour operator can be written in terms of linear combinations of the Casimir
operators C1,Cy, C3 in the three partons |1,2,3) case. The natural question to ask is if this is
possible in general? The answer is no. To show this the possible relations between the different
squares of colour charge operators have to be counted. To reduce the charge operators to Casimir
operators the trivial relation T7 = C; and colour conservation was used, hence there are
2n relations for n(n — 1)/2 charge operators, so if there are more than 3 partons (n > 3), the

rewriting in terms of linear combinations of Casimir invariants is not possible any longer.

For concrete calculation a (matrix-) representation for the T;’s has to be chosen and therefore a
basis for the colour space. The most common choices are the trace bases, the adjoint bases and
the colour flow basis. The last one is the basis of choice and will be properly introduced in section

[42] In the trace basis the colour factors are represented as traces of products of fundamental
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representation generators {t*}. As a concrete example let’s consider the amplitude M for n
gluons, with colour labels ay, as, ..., a,, where a; € {1,..., N> — 1}. Then such an amplitude can

be written at tree level as [25]

M (ng) = Z Tr (¢t t%2 - t%n) A(1, 09, ..., 00), (4.24)

oESH—1

where the sum goes over all (n — 1)! permutations of (2,3, ...,n) and A the partial amplitudes,
which are dependent on the four-momenta p; and polarization vectors ¢; of the n gluons. Note
that in [25] the normalization convention Tr = 1 was used, the same convention holds for the
rest of this section as well. The partial amplitudes A are not linear independent, there are linear
relations between them, the so called Kleiss-Kuijf relations, which reduce the number of linear
independent amplitudes to (n —2)!. How to insert the Kleiss-Kuijif relations was explicitly shown

in [26]. In the adjoint basis the n gluon amplitude with the colour labels aq, ..., a, reads then

M (ng) = Z (F9o2 o Fon=1) o A(01,02, 0, 0n-1,7) (4.25)

gESH_2

where (F%),, :=if% are the adjoint matrix representations of SU(N). Note that the sum in
only goes over (n — 2)! permutations of the set of indices (2,...,n — 1), whereas the partial
amplitudes are the same as in , this is possible due to the already mentioned Kleiss-Kuijf
relations. One drawback of this adjoint-representation is that it is only applicable for n-gluon
amplitudes. To change from the trace basis to the adjoint representation the following identity

could be used
foaeam priesca . prassneion = (PR 109, [ ] L)), (4.26)

which becomes clear when looking at the base case n = 4, inverting the commutation relation
[t?, 7] = i f®°t¢ with respect to the structure constant f¢ = —iTr (ta [t tc]) and plugging this
into the right hand side of (4.26]) gives

(=) 72T (re 2, 13, 644]]) = (=a)" 72 T (£ [1°2, 6 f490004€)) = (=d)" 72 a0 Tr (11192, 1))
(—i)4_2 (2>2 fa3a4Cfa20d Tr (taltd) _ falagc'fca3a4. (427)

With induction the relation (4.26|) follows. The colour flow basis could be derived by treating
the gauge group SU(N) as a N x N matrix field (Au)ij, where 7,5 € {1,..., N} instead of a
one-index field A}, with a € {1...,N? — 1}. Then the n-gluon amplitude is of the following form

in the colour flow basis

M(ng) = > 675,675, 0" jn; AL 2, .. n), (4.28)
P(2,...,n)

where the sum is over all (n — 1)! permutations of (2,...,n) and the partial amplitudes are the

same as before.
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4.2 Colour-flow basis

In this section the colour-flow basis, which is a non-orthogonal and over-complete spanning set,
will be introduced. Despite the over-completeness the colour-flow basis provides an advantage
in comparison to the usually used trace or adjoint basis, due to its physical interpretation in
terms of flow of colour. Furthermore, the basis tensors can be uniquely labelled by elements
of the permutation group S,. The elements of the permutation group can then be ordered
lexicographically (see appendix and algorithms to generate the k + 1-th element, given the
k-th element in that lexicographical order are widely available, for example in the standard C++
library. This bijection and the easy to organize set S, makes the colour-flow basis ideal for colour

Monte Carlo simulations.

In principle, there are at least two ways to introduce the colour-flow basis and the resulting
Feynman rules. One way [25] is to start again at the QCD Lagrange density , then instead
of decomposing the gluon field in terms of the fundamental-representation matrices {t*} to
express the Lagrangian density in terms of A%, where a =1,.., N 2 _ 1 to obtain subsequently
the conventional Feynman rules, listed in appendix [E] it is also possible to work directly with
the N x N matrix fields (.Au)ij =2 (AZt“)Zj, where the factory/2 is chosen such that the

Lagrange density is canonically normalized. The Lagrange density reads then

L= 1 (FH) 5 (Fuw)y? +ibiy® (5 §O0u + Z% (Au) J’) b =) (4.29)

whereas the field strength tensor reads
i i i . g i . 9 i
(F)'5 =00 (A = By (A)'j i (A)' &k (A" =i (A) R (A" (430)

The resulting Feynman rules include strings of Kronecker deltas instead of the fundamental-
representation matrices, they cab be found in in appendix . In [25] they also introduced
the convention that upper/lower indices transform under the fundamental /anti-fundamental
representation of SU(N) respectively, the same convention will be used throughout this work.
Note that through the global SU(N) symmetry each vertex preserves colour conservation. The
gluon quark-vertex is in the colour basis especially simple, since the vertex is proportional to the
product of two Kronecker deltas |25, whereas for the gluon propagator

i i i1 si [T
((-’4#) ! J1 (“41/) ? j2> o 0 1j25 2j1 - Né 1j16j§' (4-31)

In the trace basis the gluon propagator is proportional to
(AQAD) o 57, (4.32)

The simple colour structure of the vertices comes therefore with a trade-off, a more complicated
colour structure for the gluon propagator. Another way to obtain the colour-flow Feynman rules
is to start from the conventional Feynman rules and rewrite them such that the final expressions
are proportional to Kronecker deltas. This can be done with the Fierz identity and the
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following two relations

Tr[t*’] = Tro™
1 | J
MyN® = MyN,0" = —— (M®°)" j—— (N"")"; 4.33
: WNad®® = o (M) e (V) (4.33)
where M® and N® are objects which carry an adjoint index a. How this is exactly done is
demonstrated in [27] and in appendix [F| In a general QCD process with arbitrary many incoming
and outgoing quarks, anti-quarks and gluons, the colour state is then a product of quark-vertices,
3-gluon and 4-gluon vertices, which are all proportional to a linear combination of products of
Kronecker deltas in the colour flow basis. Therefore, the colour state of a general QCD process
can be written as a linear combination of products of Kronecker deltas. The set of all possible
strings of Kronecker deltas of a fixed length then form the over-complete, non-orthogonal basis

tensors of the colour space. For the basis tensors the following notation is used

<2 fm ‘0> — AClm 50160(1) ... gem (4.34)

C1,esCm0 Co(m)

Cm
where m = ng + ng = ng + ny is the number of colour lines, ¢; are fundamental and ¢; are
anti-fundamental indices, with ¢;, ¢; =1,...,N, i = 1,...,m and o the basis tensor labels. Since
only colourless states are considered, a quark and anti-quark pair is only one colour line and
furthermore, due to the colourlessness each colour state has the same number of fundamental and
anti-fundamental indices. For a fixed integer m there are m! possible basis tensors, from which it
follows that this set of tensors can be uniquely labelled with elements of the permutation group
Sm- The elements of the permutation group o € S, are completely determined through their

images, so an element gets abbreviated through

o= (o(1),0(2),...,0(n)), (4.35)

C1 > —
L €1 E I: L —— ——
000000000 e
Ca |:
C3 I:: I:: >— —
C3 . —

Figure 4: Basis tensors for m = 3 colour lines, inspired and adapted from [4].

Conjugation of the basis states (4.34]) gives

<0’)Cl Cm> _ Aﬁl,,..,ﬁm;a — (5510(1) . 5Eg(m)cm ) (436)

Cl,eeesCim

C1 ... Cmp

Diagrammatically conjugation corresponds in this framework to mirroring the diagram along the

vertical axis and simultaneously reversing all arrows. The scalar product is then given through
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(4.2). Additionally, there is the notion of an abstract colour state with label o, denoted with
lo) . (4.37)

The scalar product between two abstract colour states with label o € S,, and label 7 € S,,, where

n is the number of colour lines can then be obtained by simply inserting the completeness relation

Cl .. c cl e c

(olr) = 3" (o] S e, (4.38)
{C’L’El} Cl e Cn Cl o oe.

which then equals the scalar product in (4.2). The scalar product in (4.38]) between two abstract

colour states could then be calculated with the formula

(0,|7_> _ anﬁtranspositions(aﬁ) (439)
where with #(c, 7) the minimal number of transpositions, by which the permutations o, 7 differ, is
denoted. The scalar product of two colour states is therefore fully determined by the permutation,
by which they are labelled with. In order to get an intuition for formula (4.39)) let’s consider
the simplest case, the case of one colour line and therefore only one basis tensor and only one

scalar-product to calculate. Applying formula (4.2) gives

Tr l<(1)] 2 >< 2 ](1)>] = §%,,6%, = N. (4.40)

Now the case for two colour lines, which could be two gluons, two quark-antiquark pairs or one
quark-antiquark pair and one gluon. For two colour lines there are 2! = 2 colour basis states, the

respective scalar-products are

Tr [<(12)) fl EQ >< fl f2 ‘(12)>‘| _ 56101562025615156252 _ N2,

€1 ©Co 1 ©Co
Tr [<(21)} 1 C2 > < 1 C2 ‘(21)>‘| — 66201561025615256251 —_ N2, (441)
Cc1 Co Cc1 Co

and

C1 ©Co Cl1 C2

Tr K(u)] a e >< e y(21)>] = 071, 6%2,,0%5,6%, = N. (4.42)

The next step is to prove formula (4.39)) by induction. The base case for the induction proof is
that o and 7 differ by one permutation, hence there exists a transposition operator s;; such that

|T) = s;5]0), then without loss of generality i < j it follows

(o]T) = (alsijlo)

Cl]. “ e ci DY C] DY Cn Cl .« e Ci “ e C] DY Cn
= _ _ _ _ 0| _ _ _ _ 3800
Cl “ e Ci PR C‘] PR cn Cl PR C’L PR C.] PR Cn
— 5Co . 8CeG . 5Co (5 Co(n ci_ Ci_ . 80% = e )l n—1
= T gy o 800 e GO g e GO O G GO g = NPT
(4.43)
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Now for the case when o and 7 differ by m + 1 < n! transpositions, while assuming that formula
(4.39) is right. When they differ by m + 1 transpositions, then there are m + 1 transposition
operators {s;, ;, }7;' such that

(o|m) = (olsiyjy = Sipsrjnial0)- (4.44)

Then one has to recognize that the colour state sj,j, - --8;, 1j.,|0) differs from |o) by one
transposition and since it was assumed that (4.39)) holds, when the states differ by m transpositions
the result follows with the base case (4.43)). For the following it is useful to introduce the scalar-

product matrix S, the components S, of the matrix are defined through
Sor = (o|T), (4.45)

in the literature the matrix is also referred to as inner product matrix or metric. From it
follows that S has full rank and is therefore invertable. With the formula it is also clear
that neither the colour states nor the abstract colour states are mutual orthogonal to each other.
To fix the issue of calculating in a non-orthogonal basis it is possible to introduce the so called

dual basis spanning set of the colour-flow basis, as follows

<f1 - CmH ZSM< - Z:H, (4.46)

C1

such that

S Tl R an

Cm

Multiplying equation (4.46|) with S,, and summing over index o gives

Cl ... Cm Ct .. Cm
ja) = S 1P| 4.48
’El o Tm > Zp: ap‘él o Tm p} (4.48)
The abstract dual tensor is then simply denoted by
7], (4.49)

where again no choice of colour was made and the label 7 € S,,. With the definition of the
scalar-product matrix the identity operator I of the colour space in the colour-flow basis is then

given by

Cm;0><f1 Cm;T, (4_50)

C

_ —1|c
I= Z SO'T —
o, 1

29



since for an arbitrary basis state with label p

C1 ... Cmjy _1l€ Cm &1 Cm C1 Cm
y 7o =X T )G T Tl T i)
Ccl ... Cpy o cl ... Cm C1 Cm C1 Cm,
1 C1 Cm' c1 ... Cm_
=Y S;1S; Moy =1 p). (4.51)
o, Cm Cl ... Cm

The identity operator I can also, with the definition of the dual tensor, be written as
Cl ... Cmj Cl ... Cmp Cl ... Cm Cl ... Cm
I= ‘ PP ;p‘= ] ;P ;p’- (4.52)
Xp: Cl1 ... Cm >[51 ... Cm ; Cl ... Cm }<61 ... Cm

This representation of the identity is quite useful and will be used quite regularly, for example by

inserting this representation one could derive from

Gor = lolr) =D _lolplplT) = > _lolp] Spr, (4.53)

p p

that
[olo] = S5, (4.54)

A linear operator A, defined on the colour space, can then be decomposed as a linear combination

of the abstract colour states

A=Y A, (4.55)

T,0

where the coefficients A; , are basis dependent. Given the operator A, the coefficients can be

calculated with the dual basis as

[a|AlB] = ZATU [a|T)(o|B] = (4.56)

T,0

The coeflicients A,g are then the matrix representation of the colour space operator A [28]. The

trace of the operator A in the non-orthogonal colour-flow basis is then given by

Tr[A] = Z[O‘|A|O‘> = Z[O’|A|7‘ (T]o) = Z.AUTSTU = Tr[AS]. (4.57)

o o,T

This relation is important, since this work aims to describe how the amplitude can be simulated

on the amplitude level in the colour-flow basis and with the following relation it follows that
IM|? = (M|M) = Tr[M)(M] = Te[MS], (4.58)

where M3 = MQME is the representation matrix of the amplitude, interpreted as an operator

defined on the colour space. A general linear operator A in the colour-flow basis then acts on
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the abstract colour states as

Alo) = |a)[alAlB(Blo) = AapSasl). (4.59)
a a,B

A concrete example for such a linear operator is the anomalous dimension operator I'. The

operator can be written as an expansion in 't Hooft coupling [21],
[FIT)o) = (asN) [r|TW]o) + (asN)? [r|TP|o) + - -, (4.60)
whereas the leading contribution T™) is given by
_ 1 1
T, = [r|T|o) = (raam TS 1\72”5”’) . (4.61)

Here the coefficients Y, give the off-diagonal components and the terms with the d,, denote
diagonal elements. The matrix elements of the anomalous dimension in the colour-flow basis can

then be obtained by determining
(a|l'|B) = Z Sarl'ag,
[a|T|8] = ZPMS;[}. (4.62)
A
Iterativley inserting the identiy operator gives
(afT™(8) = Z Sarl'zg;
[T 8] = Zr NV E (4.63)

for any non-negative integer n. Consequently, the anomalous dimension operator I' exponentiates

in the following way
(ale"|B) = Z Sor(e) g,
[ale"|8] = Z(e JarSxg- (4.64)

A
Calculating the powers of a general linear operator A would work in the same way as it was
demonstrated here with the anomalous dimension operator. The following aims to investigate
how the emission operator T; acts on the colour-flow basis states, for that consider the emission

of a soft gluon from a hard quark line ¢, recall that
€5 (1), = eX6% (1Y) s = —— ()" ., (1Y), (t9)5,) » 4.65
("), (%) \/TT;:( )7 e ((89)72, (1)) (4.65)

where the polarisation tensor is written as a linear combination of generators \/QTR(G*)EZ =
€k (t*)°n., . The colour amplitude of soft gluon emission from a hard quark line i is therefore the
expression in without the polarisation tensor. For a simple illustration of the action of the
colour space operator a concrete example is chosen, where i = 2 is a hard quark and that there
are n = 3 colour lines and the state has label 0 = (213), then, by comparing with and
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(4.65)) it follows

c1 Cy cC3 C1 C2 C3
T, 7;U>:(C§‘0T“Z-)7 - 7;0'>
cl1 Cy C3 Cl C2 C3
C1 bg C3
v Z (#)°%, ()%, 1(2,1,3)
ci C2 C3

T S R

C4 $C2 £C1 £C3 _— S§C4 §C2 £C1 SC3
=T (601664503563 — 604561502503)
Ca €3 C4 1

:m<cl ° (2431)>

Ci C2 C3 C4 Cl C2 C3 (4

aes C4-(2134)>>

where the Fierz identity was used to obtain the result from the second to the third line. The

above example can easily be generalized and therefore, if ¢ is hard quark line

Ca fm : O'> (ta)Cm-H it 1 .. fm , O'>, (466)
Cl Cm Cl Cm
and
T“-Cl eee G Cm'a>— 1 Z(tac fi .. cm'0_> (4.67)
1 9 - 9 . .
€1 ... G .. ©Cm VIR 7 ¢ ... G .. Cm

So, in total if m is the number of colour lines, o € S,, the label of the basis tensor and 7 is a

hard quark line, the action of the colour operator reads

cl ... C ... Cpy

IR rz (1) g ()

¢l ... G ... Cpy

Ti c1 ... fz Cm;o_>

cl ... C ... Cpy

= \/jTRZ (6cm+1fi50icm+1 _ ]técm+1cm+l5cifi> ‘Cl e fio Cm;o‘>
Ji

C1 ... Ci ... Cm
C ... C C
:\/TR’f I im0 (0(1)o (m)m + 1)
Cl ... Cm Cm+1
VTh
S MRS 6 (1).o(m)m + 1)), (4.68)
N Cl ... Cm Cm+1

Similar calculations can be done when i is an anti-quark line or a gluon line. The action of the
colour operator on the colour basis states can then be summarized with the following expression
4]

Ti = /\itci — Xif@ - - (/\Z - Xl> S, (469)
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where i denotes the colour line on which the operator acts. The quantities \; and \ are dependent

on the kind of parton line on which the colour charge operator is acting

vIr 1iis a quark or gluon line
N VR d s (4.70)
0 else
and
_ v/Tr 1is an anti-quark or gluon line
N, = ViR d & (4.71)
0 else.
The colour-line operators t.,, tz, and s are defined through
1 DY Z DY n
ti‘0'> = ti i
o(1) o(2) -+ o@) - o(n)
B 1 2 1 n n+1
o(l) o(2) n+1 o(n) o(i) ’
EZ‘O-> = ta—l(i)‘0>a
1 n
slo) =s
o(1) o(n) >
1 ... 1
- montby (4.72)
o(l) -+ o(n) n+1

Furthermore, it is useful to define a transposition operator s;; through

sijlo) = sij

T | n >

o) o) o ol) o on)

1 ... i. j. n > (4.73)
0—(1) 0(]) J(Z) a(n)

Then, the operator t; can be decomposed as

ti|T) = sint18[7), (4.74)

which is quite useful in various calculations. Let’s consider two distinct permutations o, 7 € Sy,

then the following is true [4],
o The permutations, which label the basis tensors t,|o) and s|7) differ by n+1 transpositions.

o The permutations, which label the basis tensors s|o) and s|7) differ by the same n transpo-

sitions than before the operator s.

In [4], they also state that if o # 3, then the labels of t,|o) and tg|7) differ by n+2 permutations
if o(cv) # 7(B) and by n transpositions if o(«) = 7(3). This is in general not true, since a counter
example could be found.

It is important to note that t;, t; and s are surjective maps.
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5 Numerical resummation

In order to be able to simulate soft-gluon evolution, a representation of the emission operators
has to be chosen. The evolution of amplitude then gets mapped to a purely probabilistic system

by modelling the amplitude through a Markov chain
Xinitial — Xl — X2 — Xﬁnah (51)

where the system starts from a chosen initial configuration Xipitial = Xintitial(@), including an
initial scale @ and evolves until a certain chosen cutoff scale u is reached Xgna = Xgnai(@),
whereas the intermediate evolution scales are ordered Q@ > ¢q; > g2 > -+ > p. In principle, the
type of evolution scale depends on the type of the constructed shower, in an angular shower
the evolution parameter is the angle of the dipoles. Tn this work the evolution scale is the
energy of the emitted soft gluon/gluons. In this chapter the different Sudakov algorithms get
reviewed. These algorithms allow to sample the evolution scale ¢, which is distributed according
to a density d S(q, u|@). Furthermore it will be discussed how to add density distribution d .S;
such that a shower algorithm could be constructed. Also resampling techniques will be discussed,
which allow to improve the convergence of the numerical resummation. The density d S (g, 1|Q)
is constructed from the Sudakov operator and by introducing the cutoff scale p. The Sudakov

operators for a dipole with label (4, j) is then of the following form,

0N [Q
A Q) = exp ( = [ a0 <Q>) (52)

with w;; (Q) defined as

ng - ng

wij () = ©4; (2), (5.3)

ni-nn;-n
where the four vectors are parametrized as n = (1,1), n; ; = (1,7, ;) and ©;; () is the respective
cutoff description of the collinear singularity of the parton pair with label (7, j). The function
in the exponent is sometimes referred to as a splitting rate P,(k), where z labels the type of
splitting produced by the parton pair with label (i, j). The four angle cutoff descriptions, which
are investigated in this work are given in the following, the cutoff parameter A > 0 should be
understood as small A < 1.

(i). 0 () = nz;”fz]n@ (ni-n—A)+ (i < j) (local dipole)
(ii). 0;;(Q2)=0(n;-n—XN)0O(nj-n—2A) (local dipole)
(iii). 0i; (Q) =110 (nk-n—A) (global cutoff)
(iv). 0, (Q)=1- % (Tln + njl.n) (local dipole)

Figure 5: List of collinear cutoffs.

The densities constructed from the Sudakov operators with the first three cutoff prescriptions
will be generated with the Sudakov algorithm, which uses an overestimate. The fourth cutoff

description poses an additional problem in the sense that the splitting rate is possibly negative,
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therefore, as it will be discussed later, a generalization of the Sudakov algorithm is needed, which
results in the weighted Sudakov algorithm. Note that the integral in the Sudakov factor
is invariant under rotation of the spatial coordinates but not invariant under general Lorentz
transformations, since one could easily come up for example with a situation where two frames
are connected through a Lorentz transformation, which includes a boost where in the one frame
the cones, the area where the theta function is zero, do not intersect and in the other frame they

do intersect. A carful analysis of the arising integrals where done in appendix

5.1 Sudakov veto algorithm

In a more general shower it is necessary to generate the dynamic variables (g, z, x), where ¢ is
the scale at which the splitting occurs, z is the splitting variable and x is a label for the type
of branching. The main problem to generate these dynamic variables is that ¢ is distributed
according to the density d Sp, (g, 2|Q), where Q is the hard scale at which the process starts.
The input for the construction of the density d Sp, (g, 2|@) from pQCD are the branching rates
P.(q,z), which then fully determine the probability density. In principle, the branching rate
P,(q,z) could also be dependent for example on the direction or directions of the emitted
parton/partons, but this possible dependency will be suppressed in order to keep the construction
as transparent as possible.

The central object for the construction of the density is the so-called Sudakov form factor|29]
Ap, (¢|Q), defined as

Ar, (4/Q) = exp (— [facf dzms,z)) , (54)

which gives the probability that splitting of type x does not occur in the interval [¢, Q]. The
probability that none of the possible splitting occurs in the interval [¢, Q] is then given by

Ap(q|Q) =[] Ar, (dQ), (5.5)

where on the left hand side P = > P, is the sum of the splitting rates. From the definition
it follows that the Sudakov form factor Ap, (¢|Q) could also be defined through a differential

equation

W - /dZP“" (¢,2) Ap, (4|Q) (5.6)

satisfying the initial condition Ap, (Q|Q) = 1. Now with a simple unitary argument, namely
that the probability for emission and non-emission has to add up to one, it follows that the

density for the dynamical branching variables (g, z, x) is given by [30]

dSp, (¢, 2, pQ)
dqdz

= Ap, (1Q) (g — p)6(z — 2min) + P (q,2) Ap (¢|Q, ) 0 (Q — q) 0(q — ),
(5.7)

where Ap, (u|Q) d(q — 1)d(z — z4,,,,,) accounts for the non-emission events until the chosen cut-off
scale u, the parameter zpyi, associates fixed branching variables to pu, the scale where there are

no branching events. It is important to mention that despite the fact that for the splitting
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rates P,(q,z) only real emissions were considered, one also takes one loop corrections into
account through the above unitary argument. The question which arises at this point is how to
generate dynamic variables (g, z,z) distributed according to the distribution in (5.7). If P,(q, 2)
is integrable to an invertible functioni, then sampling by inversion can be used. For simplicity
lets assume [ d zP;(q, z) is integrable to an invertible function, then the following equation can

be solved with respect to ¢

[ an [as oty np g10)0 - ) = rma, (5.8)

where rnd ~ U(0, 1). In this particular simple case the Sudakov veto algorithm to draw according
to the density d Sp, (¢, 1|@Q) goes as follows [30, |31} 32].

Algorithm 1. The Sudakov algorithm, to generate the density d Sp, (¢, 1|@) for a splitting
rate P,(q) = [dz P,(q, z), which is integrable to a invertible function with respect to q.

Select a starting scale Q' < @ and a cutoff p.
Sample r < rnd~ U(0, 1).
if r <Ap, (@, x).
return cutoff p
else invert Ap_(¢|Q’, z) such that ¢ = A;xl (r|@, x)
return emission scale ¢

end if

The correctness of the algorithm follows directly from the correctness of the sample by the
inversion algorithm, already presented in section In general, the splitting rate P,(q, z) is not
integrable to an invertible function, so the presented algorithm could not be applied. In these
situations it is possible to use the following Sudakov algorithm, where one samples the dynamic
variables (g, z, z) according to an positive splitting rate R,(q, z), which is an overestimate of the
target splitting rate P,(q, z) such that R.;(q,z) > Py(q, z) for all (¢, z,x) and also integrable to
an invertible function such that algorithm [I| could be applied. The proposed dynamic variables
(¢, z,x) are then accepted with probability Py(g,z)/Rx(g,z). The algorithm is described in
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Algorithm 2. The Sudakov algorithm to generate dynamical variables (g, z, x) according to the
density d Sp,(q, z, 1|@) by using an overestimate such that R, (q,z) > Py(q, z) for all (¢, z, z).

Select a starting scale Q' + Q
loop
Sample r < rnd
if r <Ap (@, 2)
return cutoff p
else invertAg (¢|Q’, ) such that ¢ = AR' (7|Q', x)
and select z in proportion to R (g, z, x)
return emission scale ¢ with probability P (¢, z,z) /R (q, 2, x)
end if
Q' <+q
end loop

The efficiency of the algorithm [2] is strongly dependent on quality of the overestimate, which
means that if the ration P,(q,z)/R.(q,z) is close to one then nearly all proposed dynamic
variables (g, z, x) get accepted. In order to proof that the algorithm produces the correct density

d Sp, (¢, 2, p|@), the following theorem [30] has to be proven.

Theorem 1. The density in the variable ¢, generated by the Sudakov veto algorithm after the

n-th rejection and one final acceptance step, is given by

A (g, 2 plQ)

dqdz — ARI (/”Q)(S(Q-/j,) 5(Z_Zmin)AS%)_Rx (:U‘|Q)

+0(Q—q)0(¢— 1) Pe(q,2) Mg, (aQ) AV 1 (4Q), (5.9)

e —

where

n!

AY o (dQ) = 1 <_ /quf/dz(Pm(ﬁ,z) — R, (¢, z))> : (5.10)

Correctness of the algorithm follows then immediately by noting that one has to sum over
all possible rejection steps and by exploiting the relation Ag, (¢|Q) Ap,—r, (¢|Q) = Ap, (¢|Q).
To show theorem [I] induction will be used. One has to note that the probability to accept
d SaceePt (. 2 ulk, Q), an event, starting from an arbitrary intermediate scale k € [u, Q], is given

by the probability that the event did not radiate plus the probability that the event radiates

d S*°PY(q, z, ulk) = Ar, (u|k)d(q — 1)3(2 — zmin) + 0(k — q)0(q — ) P(q, 2, 2) Ag, (qlk),
(5.11)

where radiating events are accepted with probability P(q, z,x)/R(q,z,z). This shows already
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the base case n = 0 for the induction proof, when setting the intermediate scale k equal to the

staring scale )

dSQ, (4,2, 1lQ) = A 5*°P(q, 2, 4|Q). (5.12)

Now the induction step n — n + 1, the ¢ density for n+ 1 rejection steps and one final acceptance

step is

Q
a5 (a2 01Q) = [k dSEq 2 plb) [ dz (L= Pak2)/Ralk, ) Rall 2)Ar, (HQ)

o
Q

= [Tk as@la. k) [z (Rolh.2) = Polh.2) Ap, (K1Q), (513)
o

where (1 — Py(k, z)/Rz(k,z)) is the probability that the event was rejected, also called the
veto probability and R, (k,z) the splitting rate according the events were proposed during
the algorithm. The expression for dS\(,Zt)0

k € [u, Q], proposed with density R(k, z, z) Ag, (k|Q), which was rejected with the veto probability

(1 — Py(k,z)/Rz(k, z)) and then enters a sequence of n veto steps and a final acceptance step. To

(¢, 2z, 1@, ) in (5.13)) reflects a proposed event at scale

obtain the final result in theorem [1| and therefore conclude the induction proof it is useful to use

n n+1
% qQ </qkf(k')dk’> f(k)dk:M(/ff(k)dk) : (5.14)

which was shown in appendix |B| and the chain property of Agr, (¢|@) for an intermediate scale
k€ lq,Q

Ar,(q|Q) = Ar, (qlk)Ar, (K[Q). (5.15)

So in order to apply the Sudakov algorithm [2] to the first collinear cutoff description B an

overestimate R has to be developed,

n;g "N N -N+n;-n

n; - n; 1
_/ < A )\-i-nj-n—‘r(ZHJ))

47rni-nj 24 A
= | . 1
i n( ! ) (5.16)

/de,-j(Q):/dQ <””ﬂ ! @(ni-n—A)+(iHj)>

The differential of the overestimating rate R is therefore given by

dgasN | _n;-n; 1 1
d ) =—"d0 - 1
(g, Q) q T A </\+nj~n+)\+ni-n> (5.17)
and the Sudakov factor Ar(q|Q) reads
Y 4mn; - n; 24+ A
AR(Q\Q)—eXp(—a7T ln(§> mA & ln( J; )) (5.18)

To propose a scale g, it is necessary to solve rnd = Ap (¢|Q) with respect to ¢ in the case that
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rnd < Ag (q|Q)

A
- In (rnd) | . 5.19
¢ = Qexp (4%]\% i in (222) n(rn )) (5.19)

The probability to accept the proposed scale ¢ is then given by

1 9(ngn=A) 1 O(njn=))
dP (q, Q) _ (nlwn nin+n;-n nimn N n+nj-n) (520)
dR(q7Q) i\ ()\—&—njn—i_)\—l—nln)

The same procedure can be applied for the second collinear cutoff [5l The overestimating splitting
rate R(q) can then be deduced from,

/deU /dnm o n@(n-ni—)\)@(n-nj—)\)
S i —A) O (n-nj —A)
S A=mni-n) = O\ —n;-n))
47mZ n;
:‘fﬁ‘ql_ﬂ' (5.21)

Then the differential of the overestimating rate R for the second cutoff is given by

dgasN

dR(¢q,Q) = (1 —OA—n;-n)—OAX—n;-n)), (5.22)

q T )\
which could be negative if the direction is in the intersection of the cones, but for the algorithm
only the fraction d P(q,2)/d R(q, ) matters and for this configuration the ration is simply zero.
Furthermore, the angle cutoff A can always be chosen so small that there is no intersection of the
cones. The Sudakov factor Agr(q|@) for the splitting rate R(q) reads

R (q|Q) = exp (—O‘;N In (?) Amn; 7;7‘2(1 — A)> . (5.23)

Furthermore, solving rnd = Ag (¢|Q) for ¢, if rnd > Agr (¢|Q), gives

In(rnd)\?
= . .24
q= Qexp <4%Nni'nj(1_>\)> (5.24)
The acceptance probability for the proposed scale ¢ is then given by
d P(q,Q 2
(@) _ O(n-n;—N)O(n-n;—\. (5.25)

dR(¢,?) nj-nnj-n
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Figure 6: The parameters, on which the densities depend, are chosen as following: N =3, u =1,
Q = 10° and X = 0.3.

Sudakov algorithm

10° 4

Parameter:

0;; = 20°

— 0, = 60°

— 0, = 100°

— 0;; = 140°
6;; = 180°

Ratio dSg, /dSk,

10° 10* 10? 10° 10* 10°
7€ [1Q)

Figure 7: Comparison between cutoff 1 and 2 for the Sudakov algorithm, with N =3, u =1,
Q =10° and X\ = 0.3.

In figure numerical result from the implementation of the Sudakov algorithm are shown, the

zero bin gives the no-emission probability.

5.2 Weights and the reweighing algorithm

In the following the weighted Sudakov veto algorithm will be discussed. This algorithm is a
generalization of the previously introduced Sudakov veto algorithm, it has the advantage that
it relaxes certain requirements previously needed. The first relaxation is that it is now not
required anymore that P, (¢, z) is non-negative and the second is that R, (g, z) is not necessarily
a majorant of P, (q,z). The trade-off for this relaxation is that one has to assign to each event
(g, zi, x;) a weight w;. Non-negative splitting rates appear when correction beyond leading order

or sub leading effects in IV are taken into account in the evolution of the amplitude.

If it is necessary to use such an algorithm, the Monte Carlo simulation generates besides the phase
space points, denoted for simplicity with {&}¥., where & = (g;, z;, %), also a set of associated
normalized weights {w,}fv . The phase space points are sampled according to the random variable

X and the weights according to the random variable W, then the estimation of the expectation
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value, of an observable O, is given through the weighted sum [33],

N
(0) =Y wiO(&). (5.26)
im1

In the case of an unweighted sample the formula is still applicable, then set w; = 1/N for all i.
For example the value of the observable O(§;) is O(&;) = 6(&; € bin) for a histogram bin. The
uncertainty of the estimation ([5.26]) is then given by the variance of the observable O

Var [0] = N Var [WO(X)] . (5.27)

In practice the numerical value of Var [WO(X)] is not known and therefore the sample variance

is used to estimate the error [33]

1 Y ) 1 Y ?

Var [O] ~ N (wl(D(&)) — (N Zwﬂ?(&)) . (5.28)
i=1 i=1

For the weighted Sudakov veto algorithm [34],]32] it is necessary to introduce an acceptance

probability € (q, z, x), satisfying
0<e(q,2,2)<1 Vg, z, . (5.29)

As indicated, the acceptance probability could be in principal depending on the splitting variables
(¢, x,z), but often it is sufficient to introduce a constant acceptance probability. In principle, €
could also depend on the previously vetoed point [34], which gives rise to the possibility that
some sequences get more often sampled than others. If this is the case the algorithm does not
produce independent events and is therefore biased. The weighted Sudakov algorithm goes as

follows.
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Algorithm 3. To start with the weighted Sudakov veto algorithm, start with an initial non-zero
weight wp and a starting scale ). Choose a trial density d Sg, (¢, z, p#|@, ), where R.(q, z) is not
necessarily an overestimate of the target splitting rate P, (g, z), hence d Sg, (¢, z, £|Q) could be
any density. Select the acceptance probability €, as described in ([5.29)).

Select a starting scale and an initial weight Q' < Q,w <+ wy.
loop
Generate trial splitting variables (g, z, ) according to the density d Sg, (¢, z, p#|@).
if ¢ = pu then
No emission, the cutoff scale p is returned while the weight w of the event is kept
unchanged.
else
if rnd < e then
The variables (¢, z, x) get accepted, and the weight w gets changed in the following
way
w%wxlxm (5.30)
e Ry(q,2)
else
The variables (¢, z, x) get rejected, the weight w changes and the algorithm

continuous, by starting again with a new scale q.

w4 w X X<1_Px(q,z))
—€ R, (q,2)
Q +q (5.31)
end if
end if
end loop

One major issue with this algorithm, or in general with reweighing algorithms, is that it could
produce a broad weight distribution, which leads to even broader weight distributions in the
simulation of an event, since weights get multiplied. The problem of large weight distribution will
be further discussed in chapter In the case that the target splitting rate P is non-negative
and the chosen rate R is an overestimate, it is possible to reduce the weighted Sudakov algorithm
to the Sudakov algorithm which uses an overestimate by choosing € as

. Pa(g; 2) (5.32)

R.(q,2)

and choosing unit initial weights. If the target splitting rate P is not non-negative, the initial
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weights are wg > 0 and the € is chosen as,

¢ = ‘P’C(q’z) , (5.33)

R:(q,2)

then the weights of the produced events are either wy or —wy.

To show the correctness of the algorithm [34], it is necessary to note that the algorithm generates

the following distribution after n rejection steps and one acceptance step if the starting scale is

n=Q

dS% (g, Q)

a,€

dqdz

= (e(q, 2lqn, 2n) Rz (q, 2) AR, (4|Q)0(an — q)0(q — 1) + Ag, (1|Q) 6(q — 1))
n
$ [ Ralai, 2:) (1 — €(qi, 2l qi—1, 2i-1))0(qi—1 — 4:)0(qs — 1), (5.34)
i=2
where in the n — 1 veto steps the sequence (q, z|qn, 2n|..-|q1, 21) of length n was produced. The
argument that this probability density gets produced is similar as in the proof for theorem (Il In

the sequence of n — 1 veto steps an event accumulates the following weight

" 1 Pr(q,2)
(n) B 1 Px(%‘y Z’ia) (0,2]qn,2n,)  Ra(q,2) q=>Hp

w a,2,pQ) = (1 o x o 7 (5.35)
Pz,Re, g 1— 6((]1‘,25@‘) Rx(Qi7Zi7) 1 q= Q.

Again the density generated from the algorithm is the sum over all possible rejection steps of the

prodcut of the produced density times the respective weight

dSPz,RZ,E(q7Z7M’Q) = Z (

n=0

H/d%‘dzi> dSy (a,2,nQ)w . (¢,2,0Q).  (5.36)

=2

The product of the produced density and the accumulated weight is then given by

asim

x,€

(g2 1@ i o (0,2 1Q) = (Ar, (11Q)3(g = 1)3(= = 2min)

+ Pu(q,2)0(Q — 9)0(q — N)ARGE(Q‘Q))

X H 0(qi-1 — q:)0(qi — 1) (Ra(di, 2i) — Pu(gis 21)) . (5.37)
i=2

When performing the sum in then the difference R;(qi, z;) — Px(qi, i) gets exponentiated,
which can again be seenwith the integral identity from appendix [B| similar as in the proof for
the Sudakov veto algorithm [2 This shows that

dSPx,Rx,e(%Z:/"Q) = dSPx(%Z?M’Q)? (5'38)

hence the algorithm produces indeed the correct density. The weighted Sudakov algorithm is
in principle only necessary for cutoff four from the list of cutoffs in [5] since the splitting rate
P(q, ) is not non-negative, for the others the algorithm [2| could be used. In the case that the
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overestimate of cutoff one is used to propose g, the necessary factor to reweight is

MG MNj 1 1

dR(qvﬂ) - nl)\nj ()H—rlzj-n + )\-Hl%"n) |

(5.39)

In order to obtain the same density as in cutoff i-iii, the density produced from the following
Sudakov factor has to be added back

A(q|Q):exp<—asN/qukk/dQ 2 @(ni-n—)\)>. (5.40)

T ng; N

How to add densities, produced from possible different Sudakov factors, will be discussed in
section If the density produced from the Sudakov factor in [5.40| should be produced with the

reweighting algorithm, the relevent Sudakov factor for the overestimate and reweighting factor is

Ar(q|R) = exp <—8asN1n <Cj>> , (5.41)

dP(q,9Q) :;\(@(n'ni—)\) +@(n-nj—)\)).

(5.42)
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Figure 9: Weight distribution, produced by the weighted Sudakov algorithm for cutoff 1 and 2.
Parameters: N =3, u =1, Q = 10° and A = 0.3, number of events 10°.
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5.3 Sudakov algorithm matrix exponential

The aim of this section is to present an algorithm, which generates the density, constructed from

the Sudakov factor
T {exp <_ / dkk F(k)) } s] , (5.43)
q

where I'(k) and S are n X n matrices, possible complex valued, and Tr [S] # 0. The matrix S

1
rs(qlQ) = ™S Tr

is independent of the evolution scale ¢ and represents a measurement in the colour space. For
simplicity it is assumed in the following that Tr[S] = 1. Here T {exp(-)} denotes the time ordered

exponential, defined as

T{exp( At )} Zn,/to tOT{A) AN} AE,--dt.,  (5.44)

where T{-} ensures that the product is time ordered. The time ordered exponential simplifies
to exp(ftliJ A(t')dt') if [A(t1, A(t2))] = 0 for all ¢, 5. The construction of the density from the
Sudakov factor Ar g follows the same principle as in section [5| By applying the property of the
ordered exponential it follows that the derivative of the Sudakov factor Ar (¢|@) is given by

ddq (gl =1 Tr [r( )T{exp (- q dkkl“(k)> } s} . (5.45)

The density for the dynamical variable (q) is therefore

W =Ar,s(1lQ)3(qg — )

+ cler [T(q)T {exp <— /qQ d:r(k)) } S] O(Q—-—90O((q—p). (5.46)

The factor 1/ Tr[S] in (5.43) follows from the requirement that the density d Sr.s(q, Q) is
normalized on the mterval [, Q]. The later presented algorithm then makes use of the fact
that trace of the product of two square matrices A, B can be approximated with Monte Carlo
methods, as introduced in section To illustrate this, consider the trace of the product of the

two n X n matrices A and B

n

" 1

2,j=1 1,j=1

and interpret 1/n? as the probability p(i,j) to generate the index pair (i,j). The trace can then
be, through the law of large number, approximated through

TT[AB] ~ n2<Aiiji>p(i7j), (548)

where the index pair (7,7) is uniformly distributed on {1,...,n} x {1,...,n}, hence p(i, j) = 1/n?.
To improve the convergence, the approximation in (5.48|) could be supplemented with important
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sampling, then
TI‘[AB] ~ n2<wiiniji>q(i’j), (549)

whereas ¢(, j) is again a discrete distribution for the index pair (i,j) with the same support as

p(ij). The weight w;; is given by

(i,7) >0 Vi, j=1,2,..,n. (5.50)

P(k) = =T(k) (5.51)

and

Api (@) = Ty {exp (— / QdkP(k)) } . (5.52)

From and the linearity of the trace it follows that inside the trace there is a matrix

multiplication between S and

d Sij(q, pQ)

aq = Apii(WQ)3(a — 1) + D Pir(@)Apy; (4lQ)O (Q — ) © (4 — 1), (5.53)
k

which forms a density for every index pair (i,j). In general, P(k) is not positive nor can
the integral [dkP(k) be calculated analytically, furthermore, it is not guaranteed that the
exponential can be calculated efficiently. A possible solution to the problem of generating such
a dynamical variable is to write down a generalization of the weighted Sudakov algorithm. As
in the weighed Sudakov algorithm a scale has to be proposed. Here a suitable matrix R(q) has
to be chosen such that the matrix exponential can be calculated analytically and such that the
rate R(q) cancels in the exponent after summing the produced density over all veto steps, after
exponentiating the difference R(k) — P(k). Hence it is necessary, due to the properties of the
time ordered exponential that R(k) commutes with P(k). The easiest choice for R(k) is a

diagonal matrix proportional to the identity matrix
R(k) = R(k)1, (5.54)

where R(k‘) is a positive valued scalar function. With that choice the Sudakov factor, for the

proposed matrix valued rate R(k), becomes

AR,i(q|Q) = exp <— /qQ dkR(@) Oij- (5.55)

The algorithm to generate then reads.
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Algorithm 4. Generate a index triple (i, j, k) with probability p(i, j, k).
Choose starting values ()o and wp: Q < Qo, w;ji < wo.

loop
Propose a scale k, which is distributed according to the density d S (k|Q).
if kK = p then multiply the weight with d;1,

Wijk < wijkéik (5.56)
else
if rnd < Ez‘j<k) then,
1 Py(k)
Wijk < wzjkm R(k) (557)
else
Opj — ng(k)
(k)
Wijk $— Wijk 77 (5.58)
’ (1~ e(k))
end if
end if
end loop
To perform the trace with importance sampling multiply the resulting weight with %
wij e — (5.59)

— . Wik
p(i, j. k) "

The notation w;;; should be understood such that the weights are dependent on the generated
indices. The first two indices are necessary to generate since the trace of the product of two
square matrices has to be performed, the third index comes from the necessity to perform matrix
multiplication within the trace. The efficiency of the algorithm is again largely dependent nn the
structure of the acceptance probability e, which could be dependent on the evolution scale or
other splitting variables. The proof is similar as the proof for the weighted Sudakov algorithm.
The probability density, produced by the algorithm, after n — 1 veto steps, which starts from the

initial scale @ and produces the sequence (¢n, gn—1, ---, g2, @) and one final acceptance step, with
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the accepted scale g, reads

(n)

— e = (DR@AREQ)O(an — 9O(a — ) + Ap(ulQ)(a — 1))
x [T Rla:)(1 = €(0:))O(qi-1 — :)O(qs — p). (5.60)
=2

The accumulated weight in this sequence of n — 1 veto steps and one final acceptance step is

given by

. 1 Pu(q)

" Sji 1 Prj(q:) lan) R ¢ s

w _ o~ . q, Q = s 5 T f? 8 ' 561
i (@ HQ) ) g 1—e(g;) < " R(gr) 1 q=p .

The density generated by the algorithm is then the weighted sum over all possible veto steps and

the sum over the index triple (i, j, k)

dSppla,2pQ) =Y Z (H/d%> dS( (a1l Q) Wi s (@, 11Q), (5.62)

(i,4,k) n=0

where the product of the generated weights and density is given by

a5y (q.ulQuly o (a,ulQ)

s (Pal@)Ag(al Q) — )Ola — 10 + (] Q)dud(a )
xH(R% Pij(4:)) ©(ai-1 — )0 (ai — p). (5.63)

The difference exponentiates then in the same way as in the Sudakov algorithm, which uses a
overestimate. In the case of matrices the difference exponentiates if R(k) and P(k) commute,
which is the case since for R(k) a diagonal matrix was chosen. The exponentiation and the
fact that exp(A + B) = exp(A) exp(B) if the matrices A and B commute then gives the desired

result.

To test the algorithm the following matrices could be chosen, for I'1, 'y

11 11
L'y = L'y
1 1 1
~ 1 = 0 1 =
N N N
v v 1 0 0 1
and for 9, if all colour states have the same probability
Sy = — Vij=1 (5.65)
i = i,j=1,....,n. .
1] Tr[S] 9 Y j Y Y

The matrices I'1 and I'y are of interest since they mimic full colour evolution, in which off-diagonal
processes are colour suppressed. To implement the algorithm, it is necessary to generate three

indices (i, 7, k) with probability p(i, j, k), where (i, j, k) € {1,...,n}3. A probability distribution
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for the case of S and I'y could be constructed in the following way. In the product of the
generated density and generated weights factors of I'y ;; and I'y ;; appear, therefore, one could

impose the following form on the discrete probability distribution p(s, j, k),

p(ivjv k) O(pl(i’k)p2(k7j)' (566)

Due to the structure of I'y, the probability distributions p; 2(k, j) could be chosen such that they

depend on the difference of first and second argument,

1 .
. Nj—F ]—k?ZO

pra(k,j) oc { V787 (5.67)
0 J—k<O0.

For I' in principle the same probability distributions, as for I's, can be used for p; 2(k, j), with

the difference that the entries below the main diagonal are not zero anymore, hence

1

W- (5-68)

pl,?(k’j) X

5.4 Competition algorithm

In a parton shower multiple branchings could occur, where each possible branching is described by
the density d Sg, constructed from the rate R,. The overall Sudakov factor is then the product
of the Sudakov factors of all possible branchings [5.5] of the considered processes. In section [5.1]
and section algorithms to generate splitting variables distributed according to d Sg, for one
type of branching were discussed. In this section these algorithms will be supplemented with the
competition algorithm such that the density of the multiple competing branching rates can the

generated.

The algorithm assumes that the individual branchings are independent from each other. The

competition algorithm reads.

Algorithm 5. Generate the splitting variables {q1, g2, ...., ¢» }, where ¢; is distributed according
to dSp, Vi € {1,2,...,n} with a Sudakov algorithm.
Calculate ¢ = max(q1, g2, ..., qn)

return q

The evolution continues then with the scale ¢ produced from the competition algorithm. To see
that the algorithm produces the right distribution, consider the case n=2, where in the evolution
two different types of branching can occur, the first branching with the rate R; and the second
with the rate Ro, the first produces scale ¢; and the second scale g3. The densities constructed
through the Sudakov factors d Sg, and d Sg, both have the same cutoff scale p, both processes
start at scale (). The probability that the competition algorithm returns the scale p is then given
by

AR, +r, (MQ) = AR, (1|Q) Ar, (1]Q)- (5.69)
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If the algorithm returns a scale ¢ > pu, then at least one of the two generated scales was larger

than the cutoff scale u, the returned scale ¢ is then distributed according to

q~ Ri(q) Ar, (q|Q) Ar, (q|Q) + R2(q) Ag, (¢|Q) Ag, (¢1Q)
= (Rl (Q) + R2(2)) ARl-I—RQ (Q|Q) 5 (5'70)

which is the desired distribution for ¢ > p. In the first line the first term represents the case
where g1 > ¢o and the second term the case where g3 > ¢;. Integrating from u to Q and
adding the no emission probability in the interval [u, Q] from shows that the produced
density is properly normalized. With an induction proof in the number of spitting variables n

the correctness of the competition algorithm follows.

Sudakov algorithm Sudakov algorithm
1071 1073 1072 107! 1 1074 10°° 1072 107! 1

Parameter: Parameter:

107" 4 — 67,65 = 50°.70° 107" 4 — 0.6 =50°,70°

10° 10" 10? 10% 10t 10° 10° 10! 10% 10° 10 10°
q€[1.Q) q€[pQ

(a) Cutoff 1 (b) Cutoff 2
Figure 12: Two competing dipoles for cutoff 1 and 2, using the Sudakov algorithm. Parameters:

N=3 pu=1,Q=10°and A =0.3.

To consider the collinear cutoff description number three [5| becomes interesting when considering
a system with m > 3 partons. In the case of m = 2 the cutoff description simply equals to cutoff
two. The overestimate R(q) for cutoff three can then be constructed in the same way as in the

case of cutoff description two

/dew—/dQ o H@ ng-n—N)
v
< AQJ/dQ]El@(nk-n—)\)
(1—2@(A—nk-n)>
k=1

4mn; - n; mA
= (1= .71
A2 < 2)’ (5.71)

IN

which gives an upper bound for A, dependent on the number of partons A < % The differential

of the overestimate R(q) reads,

dR(q,Q) =

asN dg 4 - n;
g2
T q A2 (

1—5:@()\—nk-n)>, (5.72)

k=1
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again this could be negative, as in the case of cutoff two, this doesn’t matter since for the
algorithm only the fraction P(q,)/R(q,?) is of interest, which is then always greater or equal
to zero. The Sudakov factor Ar(q|@) is then given by

Apr(q|Q) = exp (— In (g) 40&5]\;# <1 - ’mA)) . (5.73)

Solving rnd = A, (¢|@), if rnd > Ag (¢|Q)) with respect to the scale q gives

‘- Qexp( A2 In(rnd) ) (5.74)

dasNn; -mj(1 — 2

For reweighing in the reweighed Sudakov algorithm the following ration is needed

dP(q,9) A2 ]
= it —A\). 5.75
dR(q,Q) ni.nnj.nk:19(n n—A) (5.75)

Sudakov algorithm
1074 1073 1072 107! 1

Parameter:

107" 5 — 0,05 = 50°,70°

10° 10" 10? 10° 10* 10°
q€ Q]

Figure 13: Two competing dipoles for cutoff 3, using the Sudakov algorithm. Parameters: N = 3,
p=1,Q=10°and A =0.3.
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5.5 Resampling

In this chapter the notion of resampling gets introduced. Broadly speaking resampling is a
technique to increase the stability of a Monte Carlo simulation, when running over a large time
horizon. In the last decades it became one of the standard tools when it comes to weighted
Monte Carlo simulations, for example in the development of parton showers and for QCD lattice
calculations, when dealing with the infamous sign problem. The section is mainly based on [33]
35 and [32].

Let’s consider the total cross section o, estimated by

N
o= Zwi, (5'76)
i=1

which directly follows from . Since only the total cross section o, hence the sum of all
weights, is the object of interest, it becomes clear that it is possible to modify the weights of
the generated events {wz}f\il as long as the total sum of weights in stays the same. The
motivation to change the weights is, as already indicated, to reduce the error of the estimation,
which could become rather large since in a Monte Carlo simulation the distribution of the set of
generated weights {wi}ij\il could become rather broad which, leads to a relatively large sample

variance

1N | N 2
~ 2 )
Var [o] ~ v iE:1 w; — (N ;:1 wz> . (5.77)

To reduce the variance and therefore the error of the simulation it is beneficial to keep the weight
distribution as narrow as possible. For simplicity let’s assume that the Monte Carlo simulation
generates only positive weights, then the resampling procedure goes as following [32]. Select
M > 0 events from the N generated events in proportion to their weight, where M < N. More

concretely choose the event z; with weight w; with probability p(i),

. w;
(i) = =——. 5.78
( ) Z?:1 Wy ( )
After choosing the set of M events, assign each event of the set the new weight w},
Y wi
wh = Tl (5.79)

Note that with this choice for the new set of weights {w/}, the weight sum stays the same

N M
> wi=Y wj (5.80)
=1 =1

The selection process of the M events in proportion to their weigh could be implemented [32]

by noting that this problem is equivalent to generating M identical distributed indices {zl}l]‘i 1)

54



where i; € {1, ..., M'} such that

Wy

Pliy=7)= ———.
(l ]) Z{gv:1wk

(5.81)
The naive method to generate such an index is to generate a uniformly distributed number
w € (0,1) and find a k € {1, ..., M}, which satisfies

k—1

>

N
le =1 Wy

<ul<ZZN1w], (5.82)
then 4; = k is such an index. For simplicity let M = N, then if one implements the above search
in the naive way, then in the worst case one would need N comparisons to find such and an
index, hence the overall complexity would be N2. The complexity could be reduced by turning
into a balanced tree, for example with the AVL algorithm. In a balanced tree the maximal
depth is logy IV, hence the overall complexity to choose N events becomes N logy N, which is
already significantly better than the naive approach. However, if the generated uniforms {u;}¥,
are ordered in the sense that u; < us < --- < upy, then it requires only N comparisons to find
the set of indices {i;}{Y; in (5.82)). Luckily algorithms, which generate such an ordered statistics
are already available, three of them are presented in [36], chapter five. The best suited algorithm
from [36] is the method, which uses exponential spacing and is based on the observation that the

following sequence of numbers coincides with a sequence of ordered independent uniforms on
(0,1),

{H \FH\F m} (5.83)

=1 =

where {v;}¥, is again a sequence of uniforms over (0,1). That the sequence in (5.83) and a
sequence of ordered uniforms indeed coincide was shown in [36]. An algorithm to generate such

a sequence in linear time O(N) is presented in the following.

Algorithm 6. Algorithm to generate an ordered statistics {u;} ; of independent uniforms.

Sample v, ~ U(0,1).

Set uy = Y/vn.

fori=n—-1— 1do
Sample v; ~ U(0,1).
Set u; = ui1/v;.

end for

One of the disadvantages of the presented algorithm is that it requires to calculate powers in each
step, which could potentially slow down the algorithm. Note that the algorithm is an on-pass
method. The so far described resampling procedure requires that all weights are positive. In

the case, where also negative weights are allowed, the resampling procedure goes as following.
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Let 2 be the set of all events, then the set €2 could be split up into two regions of importance
Q=04 UQ_, where the set {2 contains all positive and 2_ all negative weights of 2. Then, as
before, M events from the N generated events, where M < N, get selected. The difference is
that if an event gets selected, the region €2 gets selected with probability p4 and the region €2_
with probability p_, whereas p; + p— = 1. Within a region of importance an event gets selected
in proportion to the absolute value of its weight. After the selection of the M events, from the
region of importance 2, get the new weight w/_ and events from the region of importance Q_

the new weight w’ assigned,
why = ———, (5.84)

where W is given by

Soowi,  Wo= > | (5.85)

w; Q4 w; €N

and Ny is the number of events in 2, and N_ is the number of events in _. From the

requirement that the sum of weights has to be the same after resampling it follows that

IRRVA L
SRV R

In order to keep the distribution of the weights as narrow as possible the resampling procedure

(5.86)

could be applied at each intermediate step. It is important to recognize that this technique
produces events which have an identical or partially identical evolution history, hence not all
events are independent from each other. The two obvious ways to reduce the number of events
with identical or partially identical evolution history are either to increase the sample size M or
by simply reducing the number of resampling steps [32]. A criterion to decide if the generated
events are independent enough from each other is the coefficient of variation C‘Z/, defined as
32],[37]

1 2
CV_NZ<ZN1“)J N)
2
_NZ(Zle) — 1. (5.87)

The coefficient of variation is a measure of skewness and takes the minimal value zero if all
weights are the same and the maximal value N — 1 if only one weight is not zero.

With the coefficient of variation one could also define the so called effective sample size

1
ESS= —— 5.88
1+C%’ (5.88)
which is equal to N if all weights are the same and one if only one weight is not zero. It is
important to mention that the coefficient of variation and the effective sample size could only be
applied heuristically, which means that concrete values for C‘Q/ and ESS at which the sample
gets resampled or not had to be chosen accordingly from case to case. Nevertheless, resampling

provides a suitable tool to rejuvenate the sample [37], produced by the weighted parton shower.
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At which states the resampling could be integrated in the Sudakov algorithm is indicated by the
red dots in figure

@ e
q
@a - @a @a - @a
q1 dn
A
veto veto
‘ maX(Ql) ) QR) ’
€1 o €n ‘ veto
max(qi, - ¢n) ’
@
accept
(a) Resampling after the acceptance step. (b) Resampling before the acceptance step.

Figure 14: Two possible implementations of resampling procedure within the Sudakov veto
algorithm [32].

In a general weighted parton shower the produced weights of the events could be complex w; € C.
How to resample in that case will be presented in the following and is based on unpublished
notes and discussions from/with Simon Plédtzer |38] and refined in the following. Let’s consider

ip

such a set of complex weights Q {w;}}¥,, then each of these weights is of the form w; = |w;|e;?,

where ¢; € R. Then the set {2 could be split into n regions of importance
n
0= U Qa, (5.89)
a=1

where (), is the region of importance such that the phases ¢; of all elements w;, which are

contained in €2, satisfy
27 27
-1)— <y <a—. 5.90
(-1 <pi<a (5.90)

To simplify things it is assumed that the number of regions of importance n is that large such
that

Vi Vg Vi, for which w; € Qq, (5.91)

o[y

where ¢, = (v — 1) 2X + 2 = 27 (2o — 1). The real part of the sum of all weights could then be
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approximated in the following way

n
Re <Z wi> ZRe w;) ~ Z ( “Pa) (Qa) Z |w. (5.92)
7 a=1 wiEQa
Note that the approximation improves the large n and tends to equality since only a finite set
|©2] < oo of weights is considered. The function 0 (£2,) indicates if the region of importance €, is

empty or not, hence

5 () = {1 9l #0 (5.93)
0 [Qa]=0.

In the actual resampling procedure M events out of the N generated events get selected, where
M < N, at first a region of importance gets selected with probability p,, whereas p, = 0 if the
region (), is empty and nonzero otherwise. Then within a region of importance an event gets
selected with probability p(a)

)

(5.94)
where

Wo= Y |wil. (5.95)

After the selection of an event of the region of importance §2,, the old weight w; gets replaced by

the new weight wga/),

= , 5.96
Napa ( )
whereas NV, is the number of events in {2,. The probabilities are again determined by requiring

that the sum of weights stays the same

n 1P %: = e ei o . ‘
az:lé((la)ReG‘P ) I~ ;R ( ¢ )5(Qa)Wa (5.97)

Regarding the approximation made in although it is at first sight tempting to choose n
rather large, one should keep in mind that the larger the number of region of importance, the
smaller is the number of events within the region, which could make the resampling procedure
beneficial. A way to improve the approximation in is to take the phase distribution of
the weights into account and partition the complex plane in [5.90| accordingly. Furthermore the
phases ¢, € R could be chosen differently, for example, one could assign the mean phase of the

events within the respective region of importance.
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(¢) Comparison cutoff 1 and 2.

Figure 15: Weighted Sudakov algorithm for cutoff 1 and 2 with resampling, second implementation
from figure Parameters: N =3, u =1, Q = 10* and A = 0.3 number of events 10
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Figure 16: Weighted Sudakov algorithm for cutoff 4 with resampling, second implementation
from figure Parameters: N =3, u =1, Q = 10* and A\ = 0.3, number of events 10%.

60



In figure we observe that resampling with negative weighs produces indeed the same
statistic. Note that our implementation of resampling was still computational expensive, because
of that the number of events was about a factor of ten smaller than the number of events used in
the weighted Sudakov algorithm. The finding is therefore, that with lesser events we found the
same statistic, which shows that resampling indeed could be used to improve the uncertainty of

parton showers.

Weighted Sudakov algorithm, resampling vs no resampling
104 107° 1072 107! 1

H n

Parameter
0, = 100°
— 0 = 140°

0,5 = 180°

Ratio dSg, /dSk,

10° 10! 10% 10° 10"
7€ [1.Q)

Figure 17: Weighted Sudakov algorithm with resampling, second implementation from figure
[[4] Comparison between resampled and not resampled densities. Parameters: N = 3, u = 1,
Q = 10* and A = 0.3, number of events 10%.
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5.6 Shower algorithm

In this section the result for the shower algorithm are listed for the gaps-between jets observable,

see section The implemented shower algorithm goes as following [7]

Algorithm 7. Start with n > 0 dipoles at starting scale Q.

loop
Sample (E;, ¢;) according to d Sp, (F;|Q) for i =1, ..., n.
Calculate £ = max{FE\,...., E,}.
if £ = i then
there is no emission and the algorithm terminates.
else
Update the list of n dipoles to a list of n + 1 dipoles with starting scale &.
end if

end loop

The algorithm is chosen such that there is no fixed number of possible emissions.

Gaps between jets, Sudakov algorithm, cutoff 1 Gaps between jets, Sudakov algorithm, cutoff 1
10° 1 Parameter: 10° 1
A=03
— A=02
— A=01
6x 107!
4x107"
3x 107! Parameter:
N=3
. — N=5
2x 107! 1071 4 —_— N=7
; 3 ; 3
7€ [1,Q 7€ [1Q)
(a) Cutoff 1 (b) Cutoff 1
Gaps between jets, Sudakov algorithm, cutoff 2 Gaps between jets, Sudakov algorithm, cutoff 2
10° 1 Parameter: 10° 1 Parameter:
A=03
— A=02
— A=01 6x 10"
6x 107"
4% 107"
1% 1071 3x107"
1
3x 10 2x107"
2x 107! .
H Q H Q
7€ [1.Q 7€ (1 Q)
(c) Cutoff 2 (d) Cutoff 2

Figure 18: Gaps-between jets observable, 45°. The parameters: N =3, u =1, Q = 10%.

62



Gaps between jets, Weighted Sudakov algorithm, cutoff 1

100 4

6x 107!

Parameter:
N=3

Gaps between jets, Weighted Sudakov algorithm, cutoff 1

100 4

Parameter:

A=03
1x107 107" — A=02
— A=01
; 3 ; 3
7€ [1,Q 7€ [1Q)
(a) Cutoff 1 (b) Cutoff 1
Gaps between jets, Weighted Sudakov algorithm, cutoff 2 Gaps between jets, Weighted Sudakov algorithm, cutoff 2
10° 1 parameter: 10° 1
6x 107"
4% 107!
3x 107!
Parameter.
107" A=03
2x 107! — A=02
— A=01
; 3 ; 3
log scale q€ Q]
(c) Cutoff 2 (d) Cutoff 2
Gaps between jets, Weighted Sudakov algorithm, cutoff 4 Gaps between jets, Weighted Sudakov algorithm, cutoff 4
10° 4 :':’_,,_f 10° —
6x 107"
4% 107!
3x 107" 1014 Parameter.
Parameter: A=03
N=3 — A=02
2% 10! — N=5 — A=0.1
w Q Q
q€ [ Q 7€ 1 Q)
(e) Cutoff 4 (f) Cutoff 4

Figure 19: Gaps-between jets observable with weighted Sudakov, 45°. The parameters: p = 1,
Q = 10%.

Figure [I9 showcases the problem with negative weights, which are need for cutoff description
four. The plan to solve the problem with negative weights in the future, is to apply resampling
strategies. Both figure [I§ and [I9] show also the cutoff dependents of the shower, this was already
observed in . From the presented differential cross section once can also observe that the
chosen collinear cutoffs differ in their sensibility with respect to the cutoff parameter A.

The differential cross-sections where calculated in the back to back frame, to obtain the results

in different frames, they can be boosted with the transformations, given in appendix [A]
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6 Ingredients for simulating double soft gluon emission

6.1 Dipoles, rings and strings

The following section aims to give a short introduction to rings, strings and dipoles, which
are used to decompose the density matrix A,, at tree level. Then a possible extension of this
framework for the double emission processes is presented. The main source for the introductory
part is [28].

The main motivation for developing the ring function is the well known fact that off-diagonal
density matrix elements are free of collinear singularities, although they are written as linear

combination of dipole functions w;;(q), defined as

bi Py
wiilqn) = — 22 6.1
i9(4n) Pi - GnPj " Gn (6.1)
which have the symmetry w;;(¢n) = wj;i(¢n). These functions are also often revered to as antenna
function in the literature. Collinear singularities arise if either p; or p; is collinear to the emitted
soft gluon n with momenta ¢,. The simplest linear combination of dipoles, which is free of

singularities, is the ring function R;;’,ll(qn) [28],

Ry (an) = wij(gn) — win(gn) — wji(gn) + wia(n). (6.2)

where i, 7, k,l € {1,2,...,n— 1} are pairwise different and ¢, is again the momentum associated to
the nth gluon, which is soft. That this is indeed the simplest linear combination of dipoles, which
is collinear singularities free, can be seen by noting that if one starts from the dipole w;;(gn),
then to remove the collinear dipoles of ¢, ||p; or ¢,||p;, two dipoles have to be subtracted w;(gn)
and wj;(gn). But then there are collinear singularities with negative sign if g, ||px or ¢x||p:, hence

the dipole wg;(g,) has to be added. The ring functions have the following symmetries
R;c,]l(Qn) = {,lzc(qﬂ) RZ,JZ(QTL) = _Rk,Jz‘(Qn) RZ,JZ(%) = _R;‘,l (qn)- (6.3)

In [28], they also presented a graphical representation of the rings, strings and dipoles, the strings
will be introduced in moment. To count the number of linearly independent rings, let’s first
count the number of possible dipole functions. If 4, j € {1,...,n — 1}, then for a fixed ¢ there are
n — 2 possible choices for j, since i # j. Furthermore, with w;;(¢n) = wji(gn) and that there are

n — 1 possible choices for ¢, it follows that the number of possible dipoles is

(n—1)(n—2)

#wij(gn) = 5 (6.4)
With the unique identification of the dipole function with the vector 28]
01+ 61,5
wplan=| T |ere, (6.5)
On—1, + On—1,j
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it follows that the set of dipole functions w;;(g,) span an n — 1 dimensional vector space. The
representation of the dipole functions in [6.5] is called pole representation. By construction,
the ring functions are collinear singularities free, therefore, the number of rings that could be
constructed from the spanning set {w;;(gn) ?]_:111 4+ 1s the number of linear independent null

vectors, which can be constructed from the pole representation which is given by

(n—1)(n—1)

.. = n—1\ __
H#wij(qn) — dim (]R ) = 5 (6.6)
An example for complete a basis of ring functions is then given by [28§]
{Ré,’? RS R (0> 3) A > z’)} : (6.7)

The string functions are defined as the linear combinations of dipoles, which carry only one
collinear singularity p;||g,. For convenience, the shortest linear combination will be chosen for

the string basis

S (qn) = % (w3 (gn) + Wik (gn) — wjk(gn)) , (6.8)

which is independent of the indices j, k. The identification through the pole representation of

the dipoles gives

sHa)=| . [erL (6.9)
5n—1,i

Therefore, the set of string functions {Sf k (qn)}?:]l forms a basis for the space spanned by the
n—1

set of dipoles {w;;(qn)}; ;2

Lt It is possible to write every dipole as
1 . . o
wijlan) = S (an) + 57" (an) + 5 (R} (aa) + Rl + Rl ) (6.10)
It follows [28],

Qs

i#j
20 n-l -
= Z Ti|Mp—1)(Mp—1|T; S;” (gn)
7T =1
n—1
_ i > T M) (My | T (RZ’fl(qn) + BRI (qn) + R;;g’n) - (6.11)
3,j=1
i#j

This shows that the contributions of the tree level density operator A,, which carry a collinear
pole, are colour diagonal. Note that some care has to be taken with the second sum in [6.11
since the sum goes over more terms than there are linear independent rings, for more detail see
[28]. It was shown in 28], that the decomposition in improves the numeral evaluation of the

gaps-between jets observables of the soft gluon evolution within the CVolver [1] [39] framework.
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Why this is the case is intuitively clear, since the dipole decomposition relies on the effect that
for large samples the divergences cancel statistically, while in the rings and strings decomposition

the cancellation was incorporated intrinsically.

For the rest of the work, the following shorthand notation will be used
TITY o T T T = T9TE| M, _2) (Mo T5 T} . (6.12)

The rest of the section aims to generalize the notion of rings and strings to the double emission

case, the first step was to identify all possible colour topologies for the double emission. The
— ‘V — R
Dy Ss :| Ry

xR SxR RxR

arising topologies are listed in figure 20
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+
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n=4 n=3 n=2 n=1 n=0

Figure 20: In the first row, the colour topologies for the dipole (D), ring (R) and string (S)
in the single emission are listed. The second and third line give the colour topologies, up to
complex conjugation, for the double emission case.

Figure 20| shows the possible colour topologies for double gluon emission. The topologies are
labelled such that they are a generalization from the single emission case. The dipole D is the
topology, where the gluon gets emitted from the same dipole on the amplitude and conjugated
amplitude, that have therefore two indices in common, the string S is the topology where
amplitude and conjugated amplitude have one index in common and the ring R is the topology

where they have no index in common.
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Applying the double-soft gluon emission current to the amplitude |M,,_2)(M,,_o| gives rise
to the following pattern

T (g2, q1) 0 JRO20 T (gy gy = Y Z TTE o T T DT wdbed (g1, ),

(a,b),(c,d)  Ld:kiI=1
=(a1,02),(az,a1)

(6.13)

where the commutator relation of the colour operator was used
NS VR vtk e il vl (6.14)

T, is the emission operator for gluons. The full list of the functions wf]blgld is given in appendix

In the following the possible combinations and the symmetries in lower and upper indices are
listed in table and

Indices Conditions
17kl 1#£ ]
ijil 1£ ji#E L j#I
ijkj | i#FjiFkjFEk
iji] ]
ikl 1 £ ki#Lk#£I
11l 1#£
ijkk | k# i k#£ji#]
kikk k#j

Table 1: Possible combinations of lower indices.

Symmetries Conditions
w%li‘;?”al = wjjﬂ”?al i1E 5 k#ELj#E kT F£]
wited = wiped iF# ki # Lk £
wi! = wird i #k
wis = wigd! i#k

Table 2: Symmetries in lower indices.

The symmetries can be used to reduce the number of kernels from which one has to sample
in the parton shower. Concretely, they will be used for that in section there the leading

colour contribution of the double emission process will be analysed.
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Symmetries Conditions
T _ _ meron X
AT = £
Y iEH
A JEH
T — e T2
BT = g = g = e

Table 3: Symmetries in upper indices.

A notable finding is that some functions descend from each other by setting indices equal and

using the on shell conditions. The cases where this is true are

abed abed abed
Wiikk — Wikkk> Whjkk (6.15)

and

abed abed
Wik — Wikkk- (6.16)

To recover the ordered limit g2 < g1, one has to replace ¢ with Ag; and A\%¢s and let A\ — 0, the

conditions on lower indices are not affected by performing this particular limit. For example

1
i B oD ), (6.17)
where the notation wj; = w;;(gn) was used. A more interesting case is
azarajaz 2K 1i 2, (1) i 2, . +0 i (6 18)
Wiikk )\6%14; Wik )\6%1 Wik N5 ) .

The full list can be found in appendix [ The obtained result is reinsuring in the sense that only
terms appear, where the second gluon ¢o can be emitted either from the n — 2 hard partons and
the first gluon ¢;, while the first gluon will only be emitted from the n — 2 hard partons, never
from the second gluon ¢o. Of course, the choice that ¢o < g1 was arbitrary, one can do a similar

calculation with q; < gs.
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6.2 Colour Monte Carlo simulation

This chapter aims to show how to simulate the evolution of colour states beyond leading order,
expressed in the colour-flow basis, in the case of real emissions with Monte Carlo methods. At
first the necessary ingredients for the single emission case are presented, then the ingredients for

double emission.

It is useful to introduce the notation Ij for the emission operator in the colour-flow basis

representation, the components are defined through (28, 1]
(L) g7 = lo|Til7T), (6.19)

where it is important to remember that the colour operator maps the colour flow state |o),
describing the colour state of n partons to a colour state which describes n + 1 partons, hence
adds a colour line in the colour-flow basis. More generally, when considering a sequence of real
emissions, the representation of correlators of many colour charge operators, in the colour-flow

basis representation, are denoted with [28]

(Zipnrivig) =[0I T] T Ty T ). (6.20)

Inserting the identity at different positions and by using that T; - T; commutes if i # j, it follows
that 28]

TS 1Ty = SpTij = T1SniiT;. (6.21)
With the cyclicity of the trace
Tr[T; A, T = Tr[TIT;A,], (6.22)

note that the identity Tr[AB] = Tr[BA] also holds if A and B are rectangular matrices of the
same dimensionality. The resulting contribution of the evolving amplitude in the colour space to

the cross section through a sequence of m real emissions is in the colour-flow basis given by

T [SymT, -+ g, AT T ] = T [S,T (6.23)

i1 im,...,z‘l,jl,.u,jmf‘n} ,

where A, is the initial hard density operator of n partons in the colour-flow represenation. A
recursive definition of the trace in terms of single colour charge correlations [6.23] could then be

obtained by inserting identy operators [£.52]

(Lm,...,il,jh...,jm)oa _ Y (Iim,l,...,il,jl,...,jm,l)TF (6.24)
(o]7) e (r[7) ’
where
(or75) _ (T[T) o\ = =
Si0 = Loy TN ). (6.25)
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For the recursive calculation of [6.24] the initial condition T'; ; has to be given. In practice,
will never be calculated exactly, since the number of terms scale as O((m — 1)!), if m denotes the
number of emitted partons. In order to avoid the factorial scaling, MC methods can be used to
evaluate Furthermore, it is then important to note that for a given colour state |7) only a

f (To77) g mostly zero, which

few colour states, after emitting a parton, can be reached. Hence,
decreases the computational cost in the evaluation. The object [6.25] is therefore a key ingredient
for colour-flow MC simulations and is for example used in CVolver [1] to sample colour flows of
real emissions in the soft-gluon evolution. An important question to clarify is how £ depends on

N, this will be discussed in the following for the single emission case.

Due to the structure of the emission operator T;, the quantity £77:°° could be further

11,71
decomposed as

oTTT oTT 0.t ,t5, ~ oTT O tll, oTT O tll, i1 oTT O tIl 7t g1
11,J1 _)‘il/\jlfll J1 o )‘il/\jlfll J1 )‘11)‘31511 J1 + )‘11)‘J1€ll,]1
oTT ot ,S oTT 0,8,t5; UT?E,EZ'I,S
- >‘7ll ()\il - )\jl) gz‘l J1 - (>‘i1 - )‘J1) )\]157,1 J1 + )‘il (>‘2'1 - )‘j1) gz‘l,jl
oTT 0,S tj1 2 ~OTT 0,S,S
+ ()‘il - )\Jl) )\31511 J1 + ()‘ - )\jl) gil,jl ’ (6-26)

where the first line is the contribution from the case, where only gluon emission is considered.

Furtermore the newly introduced quantities are, with A, B = t;,t;,s, defined as

ocrto,A.B 1 <7_‘?> = .
E57M = N o) /AN FIBIR). (6.27)

These quantities can then be partially calculated with the definitions of the t;,t; and s operators

in the following way

<O"STS|5> B <0(1) .. O’(TL) n+ 1‘5<1) .. E(n) n 4 1) B Nn+lf#transpositions(o,E)
<U‘5> - <U‘5> - N n—#transpositions(o,7)

=N. (6.28)

So, if the permutations o and & differ by m transpositions, then also the permutation, which
labels the colour states s|o) and s|7), differs by m transpositions. The next case

(oltislz) _ (o(1)---n+1-- ()(Nﬂ) a(n)n+1)

(olo) (e(1)---a(n)la (1) (»

N n+1—(#transpositions(o,o)+1)

N n—##transpositions(o,o) =1 (629)

The permutations, which label the states t;|o) and s|7) differ therefore by m + 1 transpositions
if o and @ differ by m transpositions.
Now the most difficult expression <O"t;-rtj|5>/ (o]7), where two cases could be distinguished i = j

and 7 # j. In the first case, it is usefule to decomposed t; as t; = s;,,418, then

t;[ti = (sm+1s)T Sin+1S = STS,}LanmHs =s's. (6.30)
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Therefore,

(o]titi[7) _ (ols's[?)
(o]7) (o[7)

=N. (6.31)

The resulting statement is that, given that the permutation 7 and 7 differ by m transpositions,
also the permutations, which label t;|7) and t;|7), differ by m transpositions. The second case,
where ¢ # j can in general not be calculated and depends on ¢ and &, hence
(olt]t;[7) 1
~—ts* = Nor—. 6.32
(ofo) N (632
In total if [U|AZT-|T>[E|BJ-|E> = 1, where A; = t;,t;,;s and B; = t;,t;,s, the quantity 7777

becomes for the dipole, string and ring evolution:

Dipole i = j and k = I:

_ + _
__ lolthtai 7)) (ol tilE) 1 N
OTTT _\27 _ i (1) . 71(7) 2 L _
T NN - M PN - (A=%)". (6.33)
String i = j and k # [
_ + _
_ (oltlta—rpE) _(ot] i tilE) 1 N2
OTTOo _\27 _ A ©) _ o~ 1(3) 2 = o
T NN - e e (A=X)". (6.34)

String if i # j and k = I:

t _ P

—— (ot t——1, O (ot . .tio

?}TJ :)\ZN—)\)\< ’ 7 O’:(])| >_A < ’ o 1(1) J‘ >
’ {olo) {olo)

+ XN - % (A - X)2 . (6.35)

Ring i # j and j # k:

orrr _y2{oltitsa) AX<U’t§tafl(a’)\E> - )\X<U|tjf*1(i)tj ) 5 (o1t -1tz |7
“ (o]) (o]7) (o]7) (o]7)
1 —\2
-~ (A=%)". (6.36)

If double emission gets included in a parton shower, then there are two competing processes in
each evolution step, the one emission process and the double emission process. The previous
recursive definition of the multi-colour correlator was suitable to sample the colour for a
single emission process, so in order to sample the colour flow for the double emission case, the
multi-colour correlator can be recursively written as

=lmy-5215]15--Im — == —lm—25--521,]15--3Jm—2 | =
UO’ZE 50'7'7"10' TT (637)
T,T

(ofo) g (1) |

where

- (T]7) _ _
oTTT — [o|T] T |7)[F|T),_,T).[0). (6.38)

tmyim—1,Jm—1,Jm <O'

Kl
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Therefore, the following quantity has to be investigated

(oltititit,[o)

o5 (6.39)

The easiest case is where i = j = k = [, then
t;rt;rtiti = tjs”HTS"Hti = gnfgnttigntign, (6.40)

where n indicates the number of partons contained in the colour state on which s is acting. With
that

<U’t1tztitz“5> B Nn+2—#transposition(o,5)

_ N2
(o|o) © N n—#transpositions(c,7) = N-. (6.41)

A similar calculation can be done for ¢ = and j = k but ¢ # j, hence

(o]t]t]t;ti[0)
(o[o)

Also, the case where ¢ # [ and j = k can be simplified with the same considerations

= N2, (6.42)

(oltltftitlo) | (oltiti)o)

— = — (6.43)
(olo) (olo)
The most difficult case, where ¢ # [ and j # k, can not be calculated in general
Tt —
t ttt
loftit,tstle) _ 1 1 or N2 (6.44)

(ole)  N¥

oTT O
tmsytm—1,Jm—1,Jm

The resulting can be found in appendix |J}, furthermore, double emission colour
correlators, in the case that quark and anti-quark emissions are considered, are listed.

The for the colour sampling required algorithms are listed in appendix [G]
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6.3 Leading colour contribution for double gluon emission

In the following, the leading colour contribution for double soft-gluon emission is presented. The
leading colour contribution is the part of the amplitude, where the amplitude and the conju-

gated amplitude is described by the same permutation ¢ and is consequently not colour surpressed.

At leading colour the amplitude could evolve, in the case of double gluon emission, through one
of the four possible transitions. Two transitions start at two colour lines and end at four colour
lines and the other two transitions start at one colour line and end at three colour lines.

The possible evolutions for single gluon emission for the amplitude, starting at one colour line is
shown in figure 21}

Ci _¢ Ci gy
Cn_y >
Cn—1
c Ch ey ¢ ——
Cn—1
as 4a; az 741 31 gas . —_— ay 4az ay F%2 F02 tay . —_
G R L G £ 602, 60 B0 B 6
G _ Gj Cnp ]
Cn—1
— Cn —e
Cn—1
] <)
—] -

Figure 21: Transitions of the amplitude, starting from one colour line for single gluon emission.

The double gluon emission transitions at leading colour are depicted in the following in figure 22]
and That there are two transitions to start from one or two colour lines respectivley,
arises from freedom of labeling the two gluons with colour charge a; and as or vice versa.

All possible transitions are then listed in table [4]
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Figure 22: Leading colour transitions, starting from one colour line, the resulting transition
kernel is denoted with K.

The transitions, where the colour labels a; and as are interchanged in comparision to the
transitions in figure can be found in appendix [K] figure
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With table [4 one can write down the splitting kernels, for the first two possible transitions. The
first 16 entries of table Ml contribute to transition 1 and the next 16 entries contibute to transition
2, kernel Ky reads

Kl _w2112 o w2112 2112 + w2112

=Wiiii iiji Wijii ijji

2121 +w2121 +w2121 w2121

Wiiij i1jj 4] 155]
ol ol
PR
— G+ w2
+ B+ B - ol - Bl
+ Wiz + wi. (6.45)

Equality in comes from comparing the calculated functions wf]blgld, listed in appendix [H, and
applying the symmetries listed in section [6.1] Kernel K5 can be obtained by simply interchanging
index ¢ with index j. By taking the ordered limit ¢o < ¢1, we find

2) (1
;1<2I(1]1 K, = 4w( ) (]). (6.46)

The limits of the double emission kernels K7 and Ko therefore recover, up to the number 4, the
expected result for the evolution from one colour line to three colour lines by iterating single

soft-gluons.

°j Cj

¢ c

agrpay ap frpaz t ¢ 8 C, T
T7*T5' o T T ()“ k k k
i

Figure 23: Leading colour transitions, starting from two colour lines, the resulting transition
kernel is denoted by K3. The indices i, j, k, [ are pairwise different or, i = k and j # [, j = [ and

i # k.
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Figure 24: Leading colour transitions, starting from two colour lines, the resulting transition
kernel is denoted by K4. The indices i, j, k, [ are pairwise different or, i = k and j # [, j = [ and

i 4 k.

Transition kernel of the leading colour process number 3, depicted in figure for pairwise

different indicies 1, 7, k, :

n—2 n—2 n—2
_ a2a1a1a2 a2a1a1a2 azaialaz
Kz= ) Wi+ > wii + D Wi (6.47)
4,9,k 0=1 i,5,0=1 i,j,k=1

Similar for the transition K4, depicted in figure 24] then only the colour indicies a; and ag have

to be swapped.

Applying the double soft-gluon current, while recovering the ordered limit and using colour
conservation, gives the following result, which is needed for the subtraction in the renormalization
procedure described in

n—2 n—2
2) (1
TE (g2, q1) © ST (o, q1) = - Y TRTH o Ty Ty fwf )WJ('k)
i,l=1j,k=1
il otk
n—2 n—2
— Z Z T?QT;” o TiTgla"’wﬁ)wg)
i=1 j k=1
e
n—2 n—2
=3 Y T o TR TR w . (6.48)
i=1 k,i=1
ik

It is important to note that [6.48] includes contributions, which are not leading colour, for example

the following term is included

TETY o T T 1w Pwl), (6.49)

which starts at one colour line, and ends at three colour lines but is not leading colour. To see

this, compare with table [4]
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Now we have the necessary ingredients to write down the renormalized emission operator

R(2 0) Rg n) 3.34| for the respective transitons at leading colour order.

For transition 1 we find

R(z 0) Rg2;?)T = E29 o E201950,, 5 — EOED ) oE 1’0)TE£LI’O)T@n 105011

n— n—1

_ 2112 1221 2112 2112 2112 2112 1212 2121
- (wnu +w]_]jj +wzzz] +wijjj — Wi — Wiji tw Wijii +wm]_7 )@7%

- 4(/0%1')60](-?)@“7105@”71,1, (650)

where for the subtraction the functions wf]b]ffl for the ordered limit, listed in appendix were

used for the terms proportional to the resolution function ©,, 1050,—1 1.
With and the assumpian, that the resolution functions are bounded in the limit we find for

transition 1,

lim REY o RGT = dwfPwl) (04 — ©,,1050n-11) - (6.51)

The same calculation can be done for transition 2. The result then gives, how to choose the

resulution function ©,, 2 consistently, since this limit of the two emission operator must vanish.

Now the same procedure for transition 3. The renormalized emission operator R(2 0, R2OT

Sn
reads in that case at leading colour:
R(2 0) R(2 0t _ E$7,270) o E£7,270)Ta.5'@n 9
= En270) o En270)—|-as@n72 — Ey('LLO)E;l_’O) o Enl_’ol)TEg-LLO)T@n,lasgnfl,l
( wZ]QkUilala2 + Z wlcﬁtlllalm + Zw;lfkajmlw) n2—
,] k l 7j727l 7-7 k
( Z wzl w] +szl w]z + Zw@) (1 ) nlaS@n—l,l‘
1,5,k 1,5, 4,5,k
= (Y wifwh) + Y wfwll) + 3 wPwll)) (002 — ©410500-11) . (6:52)
6,5k, 2,550 4,5,k

Similar for transition 4, with the difference that a; and as get swapped. The result in [6.52] is
reassuring in the sense that it shows that the iterated single emission is included in the double
emission current, which should be the case since the double emission case is a generalization of

the single emission case and should therefore recovers the result correctly.

In figure [25] we sketched out the algorithm needed to sample the distribution which is needed,
when double emission getis included. The competing rates resamble the two possible transitions,
single and double emission. In the case of double emission both soft-gluon get emitted at a
comparable E,, ~ E,, energy scale, which gets determined by the Sudakov algorithm, to get
the energy for the second gluon the ratio z = Ey, /E 4, must be sampled from a chosen intervall.
With ©Q; and €, the directions of the emitted gluons are denoted.
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Figure 25: Algorithm for double emission.
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7 Conclusion and outlook

In summary, the main objective of this work was to determine the necessary ingredients to
consistently include double soft-gluons within parton shower algorithms. To achieve that, the
soft-gluon evolution equation at amplitude level, beyond leading order was renormalized and
discussed. After that, the colour-flow basis was chosen, with the colour-flow basis we were then
able to identify the leading and sub-leading colour contributions for the double soft-gluon emission
process, while also bringing the possible evolutions into context with the ring and string basis. In
the leading colour contribution we identified four distinct transitions, for which we wrote down
the respective transition kernels and analysed the behavior, when recovering the strongly ordered
limit. Taking the limit showed that the independent emissions are correctly reproduced and
gives necessary constrainst for the resolution function.The result for the resolution function also
shows that the additional colinear divergencies lead to no further problems. For the sub-leading
colour contribution we also presented the necessary ingredients for the colour MC simulation.
Furthermore, we presented an algorithm for a parton shower, which includes double emission.
Also some numerical aspects were discussed, like sampling the dynamical variables of the energy
ordered parton shower from densities, generated by different collinear cutoff descriptions with
the Sudakov and weighted Sudakov algorithm. In order to improve the convergence, resampling
methods were used and refined such that the resampling strategy could also be applied to negative
weights. A generalized version of the weighted Sudakov algorithm was presented, this algorithm

is able to generate densities, generated from matrix valued splitting rates.

In future efforts, the presented ingredients for double soft-gluon emission will be combined for
an improved parton shower. Other investigations concerning the generalized weighted Sudakov
algorithm and the shortly discussed resampling algorithm with complex valued weights will be
done. Other ideas for the future would be to use modern machine learning algorithms for faster

sampling.

79



8 Appendix

A Lorentz transformation in d dimensions

This chapter aims to describe how to find Lorentz transformations A = A (Q,Q) ind >4

dimensions such that
Q= AQ, (A1)

where @ and Q are vectors in d dimensional Lorentz space-time. In this problem, only the vectors
Q, Q and the metric g are available to carry the necessary Lorentz indices, hence the Lorentz

transformation A*, has to be of the following form
A", (Q,Q) = Aghy + BQ"Qy + CQ"Qy + DQ"Q, + EQ"Qy, (A.2)

where A, B,C, D, E € R. In practice, only the proper orthochronous Lorentz transformations
are of interest, those transformations form a subgroup of the Lorentz group £, denoted by 51.
The subgroup is defined through the conditions det(A) = 1 and A% > 1. From these conditions
it is clear that the set of proper orthochronous Lorentz transformations is smoothly connected to

the identity and therefore there exists a matrix L for every A € £1 such that
A=el. (A.3)

Expanding up to linear order and requiring that up to this order the requirement that
ATnA = 5 is satisfied, leads to

Ly,+ Ly, =0, (A.4)

hence L, is antisymmetric and has therefore @

free parameters. For d = 4 this gives, as
expected, six parameters, three for boost and three for rotation. Comparing the ansatz with
and the requirement that L is antisymmetric leads to A = 1. Therefore, to solve the

problem, the ansatz with A =1 could be used, while requiring that and
ATgA =g (A.5)

is satisfied. Solving this system of equations, with the on shell conditions that Q2 = Q2 = m? #0
and Q - Q # 0 gives the following two solutions

A 1 ~ A AL A
4, (@Q) =g+ 5 (0 + 20, - 0, - @"Q)) (A.6)
and
A 1 A m?+2Q - Q
2, (@Q) = ' = 5P Y “Q,
_ 1 o, — 1 I AT
7009 g (A7)
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In the case of Q2 = Q2 =0and Q- Q = 0 there exists only one solution, that is given by

QU - Q" Q- QO+ Q). (A8)

AF, (Qa@) :guu'f’Q 0

In the last case, where Q2 = Q%2 = m?2 # 0 but Q - Q = 0 there are again two solutions
7 3 — M 1 W Ak 1¥e A
M (QQ) = 9" — —5 (Q"Q £ Q"Q - Q"Qy +Q"Qy) . (A.9)

For the implementation of the simulation, the case of interest is, where Q2 = Q2 =m? #0 and

Q- @ # 0. Specialising to d = 4 and the following four vectors

Q" = (m,0,0,0)
Q" = (\/m? +12,0,0,p.) (A.10)

gives the following

Nz

m m

0 10 0

0 01 0 (A.11)
Lp g o M/

m mQ:tm\/rT—i-p@

Note that it is always possible to supplement the boost A (Q, Q) with a pure rotation R € cl ,
such that

Pro 1 =ra(QQ)Q (A.12)

where 5 = Rp,é, and R the spatial part of R.
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B Integral Identity

The proof of correctness of the Sudakov veto algorithm in chapter [5] requires the following

corollary.

Corollary 1. Let f(x) be a real valued continuous function on the interval [g, b], then for all

Q € [g,b] and for integers n > 0 the following holds
Lre(r k'dk’n k)dk 1 ¢ k:dk:nJrl B.1
UL swaw ) gwar= oo ([T rwar) (B.1)

For the proof, let’s define the function g(Q) = (qu f(k)d k:)nJrl on the interval [g,b]. Since f(z)
is a real valued continuous function on [g, ], then also ¢(Q) is a real valued continuous function
on [g, b], therefore, the fundamental theorem of calculus could be applied to g(Q), which states
that ¢(Q) = g(¢) + qu 4 g(t)dt, note that g(¢q) = 0. In total,

1 Q nH 1 1 Q d
(n+1)! (/q f(k‘)dk:> = mﬂ(@) = CEE] <Q(Q) +/q dk:g(k)dk>
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C Proof of Fierz identity

In this appendix the so called Fierz identity will be proven

1 1
taijtakl = 5 <6il5jk — N5ij5kl> . (Cl)

For the proof, an arbitrary element of su(/N) will be decomposed in the basis {1, ¢}
M = mol + m,t?, (C.2)

where on the right side of the equation the sum goes over a. Since the matrices {t*} are traceless,

one obtains the following from tracing the relation for the coefficient myq

_ Tr(M)

mo N (C3)
Multiplying with t* and then tracing gives with the commutator relation
m® = 2Tr(Mt?). (C4)
Plugging this relation in for the coefficients gives
1
M = N Tr(M)1 + 2 Tr(Mt*)t*. (C.5)
Component-wise this relation reads
1 a 4a
Mij = My, N(Sijékl + Qtlktij . (CG)
Hence, in total
@b 1 1
Myti;tn, = Mkzli 0ir0j1 — N(Sij(skl , (C.7)

and since the matrix M was arbitrary, the claimed result follows.
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D A contour integral

In this section the following integral with a,b € R will be calculated

/O%d“”. (D.1)

a+ bcos(p)

The first step is to factor out b and set ¢ = ¢, the next one is to rewrite the cosine in terms of

the exponential function

27 27
b/ c+cosg0 b/ c+ ew—i—e“ﬂ) b
27

B 1 /27r 2et? do

0 2cet 4 e2iv 41
_ 2 ze“f’ do
N z'b 0 2cet 4 e2iv 4 1°

(D.2)

Then the above expression can be brought into a form such that the Cauchy’s integral formula

can be applied

2 dz
2 . D.3
ib[yz2+2cz+1 (D-3)

where 7 is the oriented curve anticlockwise along the unit circle at the origin z = 0. The roots of

the complex valued polynomial 2% 4 2cz + 1 are

21=—-c+Vct-1

29 =—c—Vc%—1, (D.4)

where one may notice that z1 - z0 =1 Ve € R. Now there are different cases, which should be

considered, the first case is where ¢ > 1, then
— V2 —1< —c<—1, (D.5)

S0 zg is outside of the unit circle, hence z; inside. By Cauchy’s integral formula, one obtains

2 1

- 2 1 2 1

BE2 gy = i S (D.6)
N 2= 2 ib 21 — 29 b Ve —1

So for § > 1, one finds the following result

/%‘190_2771 (D.7)
0o a+bcos(p) b (%)2_1' ’
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Now the case where ¢ < —1, then

z21=—-c+Vc2—1>1. (D.8)

So z1 is outside of the unit circle, and therefore z5 is inside. In that case, the integral becomes
for § < —1,

2 _1

b z—2z1 . Ul
——dz=2m— = —— —. D.9
[YZ—ZQ & ZinQ—Zl b \/02—1 ( )

The last case is where |¢| < 1, then the roots have a non-zero imaginary part and z; is the
complex conjugate of zo, or vice versa. Since z; - zo0 = 1, the roots are on the unit circle and
therefore, the previous method cannot be applied. Furthermore, if |c¢| < 1 the integral does not

exist.
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E QCD-Feynman rules

The QCD-Feynman rules [§], in a covariant gauge, are given in this appendix. The momenta are

always chosen such that the they are ingoing, due to momentum conservation, they sum up to

zero. The constant g denotes the coupling constant.

— < g+ WL]\U

k* +70

_ ng {fub(:fcrie (G(x'\g )

Hn,a
j . =i
] k . i(yYEy+m) 51
> t ké— m2+i07 J
k
Q  cmmmmemmmmeeees ) R LT P b k‘2+z( 5ab
My a
b oo N\ e ¢ = gfiogr
k

é )5(1)

guégaéq By

) + fa(e fdln( mS By

Figure 26: QCD-Feynman rules.
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F Colour-flow Feynman rules

The QCD colour-flow Feynman rules are listed in this section. As mentioned in section [4.2] in
order to obtain the colour-flow Feynman rules it is convenient to start from the usual Feynman
rules, and reformulate the colour factors in terms of Kronecker deltas. This can be done with the

replacement rule [27],

1

j17"'ajn' = n/2
TR

AS-n s (A1 i A (@Y (R
the Fierz identity [2.8 and Tr[t*t%] = Trd.

i1 Sio . _ 1 sty
o 0'5,02; N5,715 Ja

i3 8. Si2 . §i3 . §i1. 513
0 0%3 5,01 5,0y — 013,01 j,0'3 )

oc (G557 012078 + 631001207 + 63001207 — GRORORST — GAORSRET — OLS670%)

J17727 53" ja J3"Ja 1" g2 J17J3% 54" 2 J27Ja" 3" J2% 3" 1" ja J3%j2"Ja"

iq. NJ1.
o o', 0715,

Jq

Figure 27: Colour QCD-Feynman rules.

The three gluon vertex is proportional to the sum of products of Kronecker deltas, where the
sum goes over the two non-cyclic maps (permutations) of the set {i1,i2,i3} to {j1, jo, js}, the
first non-cyclic permutation is (2,3, 1) and the second non-cyclic permutation of S3 is (3,2, 1).
Similar for the four gluon vertex, where the sum goes over the six non-cyclic maps (permutations)
of the set {i1,12,13,14} to {J1, jo, js, ja}, the six non-cyclic permutations are (2,3,4,1),(4,1,2,3),
(3,4,2,1), (4,3,1,2), (3,1,4,2) and (2,4,1,3). For more details see [25]. A more graphical

derivation of the colour-flow Feynman rules can be found in the appendix of [40].
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G Lexical ordering of permutations

The following section aims to show how to lexical order the elements of the permutation group
Sy for a fixed n [41] and how to algorithmically find the position of a given permutation in
the lexicon of permutations. Furthermore, and an algorithm to generate all permutation in

lexicographical order [41]is presented.

Notice that a permutation o € S, is fully specified by the sequence (o1, 09, ..., 0,,) of its images of
{1,2, ...}, where of course not all sequences are allowed, since every element of {1,...,n} appears
exactly once. In the lexicon of permutations, the first (n — 1)! entries start with 1 and then the
next (n — 1)! entries start with 2 and so on. So the list has n blocks with (n — 1)! entries each.
Let’s consider the case that a permutation o € 5, is given and denote its position in the lexical
ordered list of S,, with kg. The ko-th entry of the list can be written as

ko=qg(n—1)!+r with 0<ri<(n—1)! and 0<¢q <n-—1. (G.1)

The euclidean division theorem ensures that for given kg and (n — 1)! there exists a unique pair

(q1,71) such that the above relation holds. Furthermore, one observes that
o1 =q + 1. (G.Q)

In the block starting with o1, the first (n — 2)! entries start with min({1,...,n} \ {o1}), the next
(n — 2)! entries start with min([n] \ {o1}) + 1 and so on. The remainder can then be decomposed

as
ri=agn—2)!+r2 with 0<r<(n-1)! and 0<g <n-—1, (G-3)

again, uniqueness of the pair (go, r2) is ensured by the euclidean theorem, furthermore, oy = g2+ 1.

The continuation of this pattern gives
e =qpr1(n—k—D!4+rgy with 0<r 1 <(n—Fk—1)! and 0<qr1 <n—k, (G4)

and 011 = qg+1+1, hence for a given permutation o = (o1, 09, ..., 0y,) the sequences (q1, 2, ---, Gn)
and (rg,71,....rn—1) can be recursively calculated, from which the position kg follows.
The algorithm to generate the next permutation in lexicographical order, given a permutation,

goes as following. Consider a element o = (01,079, ...,0,) € Sy, then

o Search for the largest index i € {1,2,...,n} such that o; < 0;;+1. In case that there is no such
index, the considered permutation o is already the last permutation in the lexicographically

ordered list, namely o = (n,n —1,...,1).
e Swap the entries 0; and o;, where j is the largest index greater than ¢, where o; < o; holds.

e Change the sequence from

(01,02, ..., 04, 0341, o0y On—1,0n) t0 (01,02, ...,04,0n—2,0n_1,...0i11).

So, starting from the sequence (1,2, ...,n) and applying the above algorithm iteratively generates

all permutations in lexicographical order of length n.
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H Double soft gluon emission basis

The w functions are derived from calculating

J0% (q1, q2) M—a[J5A% (q1, q2) A" (q1)]Td"7 (q2) = J1 (1, q2) Mn—a[J¥,, (a1, q2)]",
Feynman gauge
(H.1)
applying
[T7, T} = if Ty, = T Ty, (1.2)

and comparing with [6.13] The appearing lower indices are always pairwise different in the

following list. The following four weights descend from the iterated part of the double soft-gluon

emission.
w;zj?kc}1a1a2 _ wz(lQ)wj(i) (H.3)
wg]?icll1a1a2 _ WEIZ)WJ(;) (H.4)
ng;kcglalaz _ %(32)%('? (H.5)
w?jgi§1a1a2 _ wz(?)wj(;) (H.6)

The next w’s descend from the case, where on the amplitude side two gluons get emitted from

different legs and on the conjugated amplitude they get emitted from the same leg.

s WEZ)WJ%HZ) B %‘(12)%(‘;’1”) n wg,lw)wﬁ) n wg&w)g}%) n ngg,l)%(wé11+2),2 _ w]i12+2,1))
(H.7)

wizaienes = o@D GBI B0 (02 L) (H.8)

g = 0 ¢ 0l i) o)

g = D Lz i) 10

e = B0 el e ) )

w20 wlgjg,lﬂ)wj%) n wﬁ’”%(wﬁﬁm _ w§§+2,1)) (H.12)
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Now the contributions, which descend from the diagrams where on the amplitude side two gluons

get emitted from the same leg and on the conjugated amplitude from different legs.

wapioree = oD - WD 1 D Q042D 4 B2 (12D (e
(H.13)

oo = oD - Qo DS WD) ()

wagionee = oD 4 o ) (H.15)

s = Pl WD 02D 42D (F.16)

e = o2 - W) W) (H.17)

oo = DD 4 D2 (0429) _ 08D (H.18)

The remaining contributions come from the case, where on the amplitude and the conjugated

amplitude the gluons get emitted from the same leg.

e — DU B0,
+ GO W) - )
B S,Hz)%(wﬁw,z) _ wg“’l))
B2 WL - o)
n wSH’Q)w%’lH) _ wé},1+2)w§11+2,2) n wzgjz,1+2)wlg21+2,1)
n wéf;””%(w}lﬁz’” _ w](é+2,2))
P ) (H.19)
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(1+2,1)
i2

)
)

)(w(1+2,2)

1 _ 2
J

72

)

(2, 1+2)w(1+2 1)

(1+2,2)
il

(1+2,2)
il

)

) (H.21)

(1+2 1)
j2

)
)
)

(1+2)
ij

(1,2)
i2

+ w

— W

(2,1+2)
Wij

(142,1)

il W4

142,2
Wiyt

)

(H.22)

Lastly, the cases, where all lower indices are equal.

d
1
wg 142)

(1,1+2)
— Wy,

aaiaiaz __
1141 -

o(1+22)

(142,1)\2
il — Wio )

(1+2,2)

(wiy

(1+2,2)

il

(1 142) (w1;r272
A

— i)

(2,142)
— wli w

)

(1+2,1)
02

(1+42,1)
— Wi2

tw (H.23)
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maraa _ 40 0522 0521

w,

111 4
2,142 1+2,2 1421
+ W§i )(wz(I )~ W§2 ))

il 12

L14+2 (142,2) _  (2142) (1+2,1)
1i

— Wy Wi i2

g (™ - Wy ) (H.24)
g = (42D ey

T e

n w%%1+2w1(11+2,2) " wg,uz)wgw,l)

SR ) )

Z’%flawl _ _g(w§11+2,2) . wz(21+271))2

) o ffra)

S R e L

g e =) (1.26)
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I Ordered limit of the double soft gluon emission basis

In this appendix, the leading contribution of the strongly ordered limit (g2 < ¢1) of the double
soft-gluon emission current is listed for two cases. In the first case, the functions w’s are derived
from the strongly ordered limit of the double soft-gluon, while also performing the sum over all
possible colour flows and consequently using colour conservation and in the second case
only the strongly ordered limit of the current, while not performing the sum. The reason for
considering the two cases that is that the procedure of selecting the leading colour contribution
and taking the strongly ordered limit does not commute in general. The appearing lower indices

are always pairwise different. For the first case the w’s are,

saoses EEG 20,0 (L)
wigmmar 2Eg 2 B, 12)
wizaaiaz 2 %wsz)wﬁ) (1.3)
wiF e 2<g %wff)wﬁ) (1.4)

The next w’s descend from the case, where on the amplitude side two gluons get emitted from

different legs and on the conjugated amplitude they get emitted from the same leg.

ot " Soulfofl) - Sl + 0 (55) 1)
iz 2 l%wﬁ)wﬁ) Lo (;) (1.6)
e BEG AG WD) 4 0 ()\5) (I.7)
wizman < 1)\16 WPl 1+ 0 ()\5> (1.8)

Now the leading order contributions, which descend from the diagrams, where on the amplitude

side two gluons get emitted from the same leg and on the conjugated amplitude from different

legs.
<a 1l (2 @ 1 (2 1
wfﬂlal@ =3 26 'L(l )w]E;i) /\GMEZ)WJ(W) +0 ()\5) (1.9)
ajazaiaz 12K 1i (2), (1) O i .10
Wiikl oW Wi + 5 (I.10)
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asaiala < 2) (1
wiﬁcil e qgl )\6 %z)wl(cz) + o ()\5) (I'll)

1 1
wz}gzalw 2 1)\6 (2) ’(ﬂ) +0 ()\5) (1.12)

The remaining leading contributions come from the case, where on the amplitude and the

conjugated amplitude the gluons get emitted from the same leg.

asararay 2<g 1 (2 1 1
wia e “ 1/\6‘*’1(])%(]) - sz(l)w(j) P\ ](l)w( )+ 0 ()\5) (I.13)
azaiasa; 92<Kq1 1 ( ) ( )
wii_ijl 201 92541 G Wiy Wi +0 ()\ ) (I.14)
1 1
wz;?galag q2<Kq1 AG (2) ( ) +0 ()\5> (Il5)

Now the second case, the strongly ordered current then reads

< n—2 pu pV, n—2 ( ) q p”

J (g2, q1) =¥ TeTH S N plee)y LTk

azal ‘JZI 1 J Di " G2 pj S zzzl g 0 G pi- @
1

+ZTG2¢11 i

1.16
2 g (1.16)

To make the distinction clear between the two sets of functions, they functions are now denoted

with @. The first four functions are unchanged in comparison to the previous case

o BSY %Wfl oD (L17)
prsmen wEp Alﬁwg)wﬁ) (1.18)
b men B %wg)wﬁ) (1.19)
poman By %wff)wﬁ) (1.20)

The next @’s descend again from the case, where on the amplitude side two gluons get emitted
from different legs and on the conjugated amplitude they get emitted from the same leg. Now

the limits read.

~asararaz 2K 1 2 1 1 2 1 2,1 1 1 1
wijzkkl 1a2 92 1Fw,§k)w§k) /\60‘}1(1) ()+ F z(g )§ﬂ+0 (1.21)
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o wlws h
ijkk AG il %k AG i 9 R

oHt2a1a2a1 ge<q 1 (2), (1) 1 w(271) 11 +0 ( ! ) <122)

oo 2P _ %wﬁ)wﬁ) N ;w§3,1>;ql }qz ) (;5) (1.23)
poamioam < 1%@?@3) B ;wg’l);ql }qZ Lo (;) (1.24)
s qgﬁl;wzgjz,l);ql }(D Lo (;5) (1.25)
e BE )\16%%2,1);(11 %qQ Lo (;5) (1.26)

Now the leading order contributions, which descend from the diagrams, where on the amplitude

side two gluons get emitted from the same leg and on the conjugated amplitude from different

legs.
e L L A L o(l)  um
st = L) — L0l 1o (1) 12
pumman <G _ %wg)wﬁ) ;wgz,niql }qz Lo (;5) (1.29)
sy 2 1%&]5) 0 ;6%(13’1);(11 }qZ Lo (;) (1.30)
s qgﬁl;wl(iz,l);ql }(D Lo (;5) (1.31)
s BEG ;wl(f,l);ql %qQ Lo (;5) (1.32)

The remaining leading contributions come from the case, where on the amplitude and the

conjugated amplitude the gluons get emitted from the same leg.

goaaay e<g L o) ) 1 o) ay L @ @, 1d 1

it NoWii Wi T \eWin Wi T NgWi Wit T X4 (g1 )2
1 @nl 1 1 @pnl 1 (1)
— —wiP = — —wi = O— 1.33
N g g Y 2 g AP (1.33)
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oo Lo L L Ll 1 Lol 1o (1)

i N TN 4 (g1 q2)? T MO 2gygs T NN 2y g 5
(1.34)
saaaray e<g L o) ) 1d 1 toent 1 enl 1 ., <1>
g N6k S T 36 (q1 - q2)? N g g XYY 2 g HRAPE
(L.35)
~1a20201 qﬁlig# _ i (271)1 1 . i (271)1 1 O (1> 1.36
g A6 4 (q1 - q2)? PCRS q-q@ M “ig Q- G2 * A5 (136)
. A p<qg 1 d 1 1 @ 1 1
faiaaz = gieacan 24 Nl @) N g 05 (1.37)
. A p<g  1d 1 1 @y 1
;12%;12(11112 — Ziﬁqmzm _ EZW lei B + O F (1.38)
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J Double emission colour correlators

In the following, the quantity fﬁj&, in the case of double gluon emission only (N — o0o) in terms
of dipole, string and ring evolution is listed. Hence, if [O‘|TIT}|T> [7|TrT|o) = 1, then:

Double dipole, i =1, j = k and m = p, n = o:

—_ — Ti- O _ . - ETt —
T N2 o altitie) sy toftitilo) Agww o et
o (o]) (o|a) (o]T) (o|o)

_ t ittt t titt _ _
+ A%QU oy (oIt t5E) +ATNN? 4 AN
f) o)
et G elelE i)
(o]o) (o]o)
- gl 7 s (oftit 5 (ofthtl|z
f)\)\3NMf)\)\NMf)\)\ <U| ’ ) 0 M
(olo) (olo) <0|0) (olo)
+ N2 (7.1)
String j = k but ¢ # [, n # o and m # p:
foo—

5 t t;|o)
gTTT _ 4NW171
Wit =N o)

_ 1%, titlE;t oltitht;t — (oltlylF
ey oltltie) e tolhihdm) o toltEttde) ol
(o]7) (o) (o) (o]7)
_|_)\2)\ M M
(o)) (o])
Ly i) | e lEEID) M p2 (o [EETtt7)
(olo) (olo) (olo) (olo)
— %,/ titlt;t titt;t - il
—AX‘NM e u VY u M:%NM
(o]7) (o]7) (olo) (o)
iy loltibule) (J.2)
(ol7)
String i =1 but j # k, n # o and m # p:
o ot
orTo _ A R
gl,j,k,l <O'|E>
Tt T 1= =
_ )ﬁXM _ /\3XNM _ /\SXN<U|tjtf|0> _ )3 /\<U|t t"?t o)
{olo) {olo) {olo) <UIU)
ot t trt; t.t.t,t; — tit t.t
_|_)\ )\ M"ﬁ‘)\ /\ M‘F)\Q)\ZNM-F)\QAZNM
{olo) {olo) {olo) (olo)
sy RG5O EE titilo)
(o]o) (o|o)
PlERERR) s (o) ) o Bt
(o]7) (o) (o]7) <U!U)
t.t
X NM. (1.3)
(o]7)
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Strings ¢ = [ and j = k but m # p and n # o is the same as in the dipole case.
Now the string, where ¢ # [ and j # k but m # p and n = o:

Te =
- t/t|o)
oTTO _ )\4N<U| il
B (0]7)
_— T 4 Tt 4 o e
WV <U|tjtl|0> _ )\3X<U|titji]t’f|‘7> _ )\3X<U|titjtﬂtk|0> N <U|titl|0>
(o]7) (o]7) (o]7) (o]7)
ey (oltltittio) o (oltiTit;Elo)
(o]7) (o]7)
ey ) | o (OHER) | REEID) | (0T t)
(o) (o]7) (o) (0]7)
i i T e T T
B )\X:’)N(oltitllw e <U|t¢tjtjtl|0> ST <J‘titjtjtl’0> _ e yleltitlo)
(o]7) (o]7) (o) (o]7)
T —
<4 (o [tita[)
PR A 4
AN U4
Now the string, where i # [ and j # k£ but m = p and n # o:
_ (o|tits|o)
oTT O :)\4N J
B (o]7)
3X<aytjt§tkma> o (oftilE) 3XN<0|E}tk|E> g (ofEltlttie)
(o]7) (o]7) (o]7) (0]7)
a2 (OIEEEE) oo oltlEutile) oo (OfERE) o (@lttD)
(o]7) (0]7) (o]7) (o)
o2 (OTEEERE[T) 5o (ol T tti[o)
(o]7) (o]7)
P _— 4 =t L
Sotitittile) s (oltltle) s (ofthtle) s (oftiElEtio)
Y i ALALLTANEDY U\ AN RIS | AL LA Y -
(o]7) (o]7) (o]7) (0]7)
71-7 .
—4 {o|titg]o)
NN 5
AN 15)

98



Strings ¢ # [ and j # k but m = p and n = o is the same as in the dipole case.

For the ring there are no simplifications:

r77 (oltitityt o)
2,5,k (o|o)

3X<a|tjtjtkfi\a> - o (o ltitTEt o) -
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XB i ULk O 13 105 0kbl B
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(J.6)

If quark and anti-quark emissions are included in the evolution of the shower, then colour

correlators, which include at least one s operator, have to be evaluated, some of them can be

calculated independently of ¢ and @. These easy to calculate colour correlators are listed in the

following.

(o|sfsfss|z)  Nnt2-#(0)

— N2

(o) Nn—#(09)

Now the cases including one s, for all i:

(o|sTsitis[o)  (ofstisslz)  (o]sisTst;|o)

_ (oltisTss[o)

(1.7)

(oloy — Aol®) el {olo)

Next the cases with two s operators.

For i # j and wlog i < j:

(oltltiss[a)  (o]stslt; t;[7)

(o)~ (olo)
For ¢ = j:
(oltitlss[z)  (o]sislt; ti]z)
(o) (ol)
For i # j:
(oftlsTst;lz) _  (oltlt;[o)
(o]7) (o)
and if ¢ = j:
(oltis'stifo) _ \ (oltltila) _ \ (ols'so) _
(o)~ ooy T (ol®)

99

=N. (1.8)

(1.9)

(J.10)

(J.11)

(J.12)



Furthermore, if ¢ = j, then:

(o]s'titis|z) _ (o]s'sss|7)
(olo) (o)

Ifi#jandi<n+1,and j <n+1, then

= N2,

(olsttit;sfo)  (oltit;[)
ooy N el

If i or j equals n + 1 then the result is not independent of ¢ and @ anymore.

For i # j and ¢ = j:

(o]t]s't;sl7) _
(o])

For i # j:

(o]s't!s t/7)

(ofa)

The next case 1 = j:

(o]sTtlstilz)
(o]@)

Now the cases with one s. If j = k, then:
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For i =1 and i # k:
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If j = k, then

(oltttrs[o)

{o]7)

For i =1 and ¢ # j:

<aytjt;stl\a>

(ofa)

Lastly, if all colour operators act on the same colour line:
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K Supplementary material for double emission

at leading order

¢ ——~—— G
C; Ci
" . — 0
, D 1) =T
¢ ¢t ot 1o gl ¢ —e—
; i i i N (o)
tf’] Ot((—,n
cq cy d d
_ _—
C €1
(1) i (1) Tt _ _
¢ ¢ T ot:""‘.t,,/]otr/ ' o - « %
¢ —— ——
T [
cj —_— L—~— 070
¢ ——~—— G
Ci Ci
) 6 —d L7
, N (1) (@)
¢ ¢ t}’”otf”\‘.t}"r‘ot}/" g ——
£ o ¢t
¢ c G
_ _—
& &)
(1) 2)t F(1 F(2)t — —
¢ o W ot@ T 0Tl & —— L7
G —— ——
Cj Cj
cj —_— L—~—07j
¢ ——~—— G
¢ ¢
) 6 —d L7
2 t1(2) o T
Ci Ci tvt"\Ot:”‘-t)”Ot}," ¢ — [ a
i i i o
t}l, Otll—)\
2 1 ! J
_ _—
C2 &1
F(2) nf 72 o gDt . =
¢ ¢ tf/ ot:"‘.t,/)ot(/ @ —— L7
G ——
T [
¢ — L g
¢ ——— G
Ci Ci
, g —— <7
2 2F +(2) L T2)T
¢ ¢ ) ot e o ) € ——~—— —— 0
(1) o ¢(OF
c c ‘i ‘i
_ > - [
[ Cy
_ ) @f 72 F@)F
Cj [ t(/ otl””.t,/)otff" o z
Gy e -
T T

Figure 28: Leading colour transitions,

kernel is denoted with K.
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Reading off the possible transitions in terms of emission operators t.,, tz, from figure [22 and

gives then the following list of leading colour transtions, which start at one colour line.

1| t82t% o tarigeat
2. | totd oo geet
3. | a2ty o taiTeaeT
4. | totd ote oot
5. | et o toetel
6. | toxta ot Ee!
7. | et o il
8. | tety ote el
9. | T ta2 o tliTeael
10. | T2 602 o T2 T
11. | &t otai el
12. | T2ite? o T Thge
13. | &'t otazige
14. | e ool
15. | T o ity
16. | t2te ot Teg !
17. | g2t o tariee
18. | gt ot el
19. | €282 otarite
20. | tots! ote e
21. | & el o t@TealT
22. | totu o te
23. | ¥ b, o t@TealT
24. | totg! o e
25. | tate ot it
26. | tetgz o te e
27. | 252 o tarfEe
28. | tote? ote ey
29. | t21¢32 o 22707
30. | torte o et e
3L | titg ot@Teall
32. | tarte? ot Teut

Table 4: Leading colour contribution for double emission, starting at one colour line.
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