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Abstract

An intricate pattern of enhanced higher-order corrections known as non-global logarithms arises in
cross sections with angular cuts. While the leading logarithmic terms have been calculated numer-
ically more than two decades ago, the resummation of subleading non-global logarithms remained
an open problem. In this monograph, we present a solution to this challenge using effective field
theory techniques. Starting from a factorization theorem, we develop a dedicated parton shower
framework in the Veneziano limit where the number of colors N, becomes large, but the ratio of
N, to the number of fermion flavors ny remains fixed. We solve the associated renormalization-
group equations using our Monte-Carlo framework, thereby resumming the subleading non-global
logarithms. Combined with matching corrections, we obtain, for the first time, the complete set
of next-to-leading logarithmic corrections for a non-global observable at a hadron collider.
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Chapter 1

Introduction

Particle physics seeks to describe and uncover the fundamental building blocks of nature and the
complex interactions governing their behavior. The underlying theoretical framework is quantum
field theory (QFT), which merges principles of quantum mechanics with special relativity. The
Standard Model (SM) of particle physics [2-5] is a prime example of a QFT, successfully unifying
electromagnetic, weak, and strong forces. These forces are mediated through the exchange of
gauge bosons among elementary particles. Central to QFTs is the concept of symmetries, which
are crucial in formulating gauge theories such as the SM. These symmetries dictate the interactions
between elementary particles that are represented as fields interacting over space and time.

The foundation of the SM is the gauge group SU(3)c x SU(2)r x U(1)y, which is typically
divided into two sectors. The symmetry group SU(2); x U(1)y describes the electroweak sector
which is spontaneously broken down to U(1)en, by the Higgs-Brout-Englert mechanism [6-11] at the
electroweak scale (~ 100 GeV). This symmetry-breaking mechanism gives rise to all elementary
particle masses within the SM. The strong sector carries an SU(3)¢c gauge symmetry and describes
the strong nuclear interaction between the elementary constituents of hadrons, such as nucleons.
This sector is known as Quantum Chromodynamics, or QCD for short. While the SM has been
extraordinarily successful, there are many open questions in particle physics it cannot answer, such
as the origin of the matter-antimatter asymmetry or the nature of dark matter. Moreover, the
SM suffers from several theoretical pathologies, the most prominent examples being the hierarchy
problem or the strong CP problem. In addition, several tensions between theoretical predictions
and experimental results challenge the SM as well [12-14]. These issues all point towards the
existence of a broader and more general theory, of which the SM is merely an effective low-energy
description. As a consequence, the search for new physics beyond the SM is among the main
endeavors of particle physics today. The prerequisite to identify new physics is a firm handle on
the SM theoretical predictions. Due to its associated dynamics and uncertainties, the QCD sector
is both particularly important and challenging, representing the main focus of this thesis.

Experimentally, high-energy colliders such as the Large Hadron Collider (LHC) at CERN have
made significant contributions to the discoveries of fundamental particles, thus consolidating our
understanding of the smallest building blocks of matter. These machines provide the necessary
environment to probe predictions of the SM and pave the way to the potential observation of
hitherto unknown particles and interactions. The growing volume of experimental data currently
being collected at the LHC increases the demand for percent-level precision on QCD calculations.
QFTs are typically not exactly solvable, but due to the phenomenon of asymptotic freedom [15,16],
the strength of QCD interactions decreases with energy, and already at a few GeV (and certainly
at energies reached at the LHC) the strong coupling a;; ~ 0.1 is small, thus enabling perturbation
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theory to serve as the essential tool for obtaining theoretical predictions. Specifically, sufficiently
inclusive cross sections ¢ can be systematically expanded as a power series in as. By including
more terms in the expansion, the precision of theoretical predictions is improved.

Despite the impressive ability of fixed-order calculations to describe processes involving a small
number of partons, for numerous applications at the LHC, contributions beyond fixed perturba-
tive order are necessary to reach the aforementioned percent-level accuracy. Many cross sections
describing hard scattering processes associated with a scale Q, also have sensitivity to a soft scale
@Qo. For large hierarchies between () and (g, such cross sections develop large logarithms in the
scale ratio L = In(Q/Qq). The logarithmic contributions arise in specific regions of the phase space
and degrade the perturbative expansion. Consider the following example as an illustration. If a
very energetic lepton pair is produced with an energy of Q = 1 TeV alongside soft radiation Qo = 5
GeV, then the product a, L is O(1).

We conclude that large scale hierarchies induce logarithms which may overpower the suppression
by the coupling a in the perturbative expansion. For as L ~ O(1), we should account for the entire
tower of (asL)" for any n and assign these enhanced contributions to the leading contribution of
the expansion in «. This reorganization of the perturbative expansion restores the suppression by
the coupling. In general, to obtain reliable predictions these enhanced logarithmic contributions
need to be captured to all orders, which is referred to as resummation.

Apart from soft logarithms L, another common source of logarithmic enhancement is related
to collinear effects. For cross sections sensitive to both types of logarithmic sources, the leading
contribution is a double-logarithm of the form (as LQ)n whereas the leading logarithm scales as
(as L)™ for observables involving only single logarithms. In general, most observables — more
precisely, the ones satisfying recursive infrared and collinear safety [17] — have the property that
their resummation is characterized by the following exponentiated structure [18]

d
S = [ = (1 Y. a?> A 2 (ORI ()

where v = e~ %, C,, are constants, and D(v) goes to zero as v — 0. At the differential level fl—‘; is
studied. The knowledge of the function Lg;(asL) corresponds to the resummation of the leading
logarithms (LL), while the next-to-leading-logarithmic (NLL) terms are resummed through gs(asL)
and next-to-next-to-leading logarithms (NNLL) with ajgs(asL) respectively. In (1.1) a double-
logarithmic behavior was assumed. The leading term L g;(asL) vanishes for single logarithmic
observables. In these cases, we use the notation LL to denote (s L)", despite this being a poten-
tially confusing notation. Similarly, terms proportional to next-to-single-logarithmic corrections

n

are identified as next-to-leading logarithms NLL ~ a (asL)

Starting from factorization theorems that disentangle the physics associated with different scales
present in a given cross section, resummation can then be performed using different techniques.
Over the past couple of decades, the methods and techniques behind resummed calculations have
seen substantial development. The state-of-the-art evolved from NLL accuracy for a very restricted
class of inclusive observables during the 90’s to the automation of NNLL results for global event
shapes [19-21]. Event shapes classify final states according to their geometric properties. Further-
more, for certain inclusive observables, impressive accuracy has been achieved [19-81]. Although
analytical resummation is systematic and exact, its application is still limited to observables which
can be understood very precisely in specific limits.

On the other hand, the observables currently studied at the LHC typically involve fiducial cuts.
These experimental cuts are usually required to model aspects of the detector as closely as possible



or to distinguish between signal and background for tagging purposes. As a result, enhanced
logarithmic contributions depending on the cut variable may arise, which need to be resumed, but
the phase-space restrictions render analytic approaches unviable. In addition, an extensive class of
observables involves final state jets of collimated particles. These jets are produced in high-energy
collisions and are omnipresent in various measurements and searches. However, the presence of jets
introduces additional complexities. The dense QCD environment within jets makes it challenging
to model radiation accurately to resolve the underlying interactions, making the resummation of
logarithmic contributions for jet observables particularly challenging to achieve analytically. Given
the limitations of analytical resummation, the development of numerical techniques is of paramount
importance to capture enhanced contributions that are currently out of reach.

A generic set of observables involving scale hierarchies are cross sections where hard radiation
is vetoed in specific angular regions. Prime examples are exclusive jet cross sections which require
a veto on additional hard jets. While ubiquitous, the all-order resummation of such observables is
challenging since they involve a complicated pattern of enhanced higher-order corrections known
as non-global logarithms (NGLs), which arise due to secondary emissions off hard partons [82-84].
In Chapter 2, we provide a detailed comparison between global and non-global observables in an
attempt to demystify the source of the non-global nature. At LL ~ (a,L)" accuracy!, resummed
results both at large [82-84| and finite N, [85-88| are available. Despite continued progress in
the understanding of non-global observables over the past 20 years [89-116], a full resummation of
NLL ~ oy (asL)"™ corrections remained elusive.

In this thesis, we present a solution to that particular problem based on a factorization the-
orem [94, 95] obtained in Soft-Collinear Effective Theory (SCET) [117-122]. The factorization
theorem splits the cross section into hard and soft functions, each depending on their natural scale
and carrying a residual renormalization scale, 1, dependence. To resum the large logarithms, one
utilizes the residual renormalization scale dependence to set up renormalization group (RG) equa-
tions. The solution of these RG equations evolves the hard functions from their natural scale y ~ @
down to pu ~ @Qq, thereby generating the large logarithms. Since the associated anomalous dimen-
sion governing the evolution is a matrix in the (infinite) space of particle multiplicities, we resort
to Monte Carlo (MC) methods to solve the RG equations. A key ingredient for NLL resummation
is the recently extracted two-loop anomalous dimension [123] that we implement into the parton
shower framework MARzILI (Monte-cArlo for the RenormaliZation group Improved calculation of
non-global LogarIthms), which iteratively generates additional emissions during the RG evolution.

A complementary approach to resummation is followed in general-purpose parton showers which
resum logarithms numerically. The most common general-purpose ones are Pythia [124], Sherpa
[125] and Herwig [126]. Typically, collinear enhancements factorize exactly such that the associated
logarithms are captured correctly. Soft enhancements, on the other hand, are usually not resummed
accurately. While these general-purpose parton showers are very versatile tools and, at least in
principle, applicable to a wide range of SM processes, their accuracy is generally limited to the
leading double-logarithms in the large-N. limit. As a result, the precision is relatively poor and
usually insufficient for percent-level predictions needed in the precision era. In principle, most of the
ingredients necessary to achieve subleading accuracy are already contained within these showers.
Indeed, some power corrections and parts of the higher logarithmic terms are also included, but a
systematic understanding of the shower accuracy beyond LL was missing. Recently, there has been
renewed interest to systematically increase the accuracy of parton showers beyond LL [127-132],
notably by the PanScales collaboration [111-115,133-146]. A set of tests [112] have been established

1We focus on soft NGLs which are single-logarithmic.
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to demonstrate that a shower achieves subleading accuracy. However, the precise procedure to
isolate a pure subleading contribution is numerically delicate. Among other things, our semi-
numerical parton shower framework MARZILI provides results that can serve as a benchmark at
higher logarithmic accuracy, offering valuable tests for general-purpose parton showers.

This thesis is structured in the following way. In Chapter 2, we introduce the necessary analytical
tools, such as the factorization theorem for dijet cross sections from which we derive RG equations.
Most importantly, we present the one- and two-loop anomalous dimensions which govern the
evolution. Chapter 3 provides details about the implementation of the RG evolution in MARZILI.
We compare numerically with PanScales [142] and GNOLE [147,148] to validate our implementation.
We then present our results for the energy flow into a rapidity slice at NLL accuracy matched to
fixed order. In Chapter 4, we apply our framework to a gap-between-jets observable at hadron
colliders. Finally, we summarize the main findings of this work in Chapter 5 and indicate future
directions.



Chapter 2

Methodology

The accurate description of jet cross sections is fundamental to the investigation of high-energy
processes because they offer a direct window into the underlying hard-scattering processes, thus
providing invaluable insights into fundamental particle interactions. In the pioneering work [149]
Sterman and Weinberg introduced (di)jet cross sections in ete™ collisions. In order for a jet event
to be valid, they imposed that all the energy must be confined within oppositely directed narrow
cones with half-opening angle ¢, with the exception of a small fraction 5/2 of the center-of-mass
energy (). For small § and S the corresponding cross section reads

o(8,9) :1+02ﬁ(—161n51n,3—121n5+c0), (2.1)
™

go

with oy the leading-order cross section and ¢y = 10 — 8(> a constant depending on the definition of
the jet axis. From (2.1) it is obvious that the higher-order contributions, in this case the next-to-
leading-order (NLO) corrections, suffer from large logarithms both in 8 and §. In addition, it is a
priori unclear to what value the scale p present in oy = as(pt) should be set, since u = @, Qd, QB or
even i = Q0 seem inappropriate because the presence of these scales lead to large logarithms in
at least one part of phase space. This twofold issue arises in any perturbative calculation involving
multiple scales. The natural solution to both difficulties is to factorize the cross section into various
objects, each capturing the physics of their associated scale. In other words, once factorization is
achieved, one can evaluate each contribution at its appropriate scale, which solves the ambiguity
of the scale setting, and use RG equations to resum the large logarithms to all orders.

Relatively recently, first factorization theorems [94, 95| achieving complete scale separation for
jet processes have been obtained using SCET [117-122]. The seminal works [94, 95] have paved
the way for the resummation of jet observables using effective field theory techniques and are
especially well suited for higher-logarithmic resummations. One of the main challenges to achieve
factorization is the non-global nature of jet cross sections. Indeed, as mentioned in Chapter 1,
every cross section where hard radiation is restricted to a specific angular region of the phase
space is by construction non-global. Obviously, this is also the case for the cross section in (2.1).
Specifically, NGLs arise because only a small amount of radiation is allowed outside the jet cones,
while no restriction is imposed on the radiation inside.

This chapter starts with a comparison between global and non-global observables. Section 2.2
motivates a factorization theorem for wide-angle jet cross sections involving NGLs. Subsequently,
we will calculate all the ingredients up to NLO accuracy in Sections 2.3 and 2.4. We then show that
all the divergences of the individual ingredients cancel in Section 2.5. Additionally, we will also
demonstrate how to obtain (2.1) from the factorization theorem. In Section 2.6, we present the one-
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and two-loop anomalous dimension matrices that govern the resummation up to NLL accuracy.
These anomalous dimensions represent the main analytical ingredients for the evolution equations.

2.1 Global versus non-global observables

In this section, we give an overview of the differences between global and non-global observables. In
simple cases, an observable which is sensitive to radiation anywhere in the phase space is referred to
as global. The simplest observables beyond hadronically inclusive cross sections are event shapes.
Famous examples include thrust, heavy jet mass or the C-parameter [150]. On the other hand,
observables which are only sensitive to radiation in a restricted region of the phase space are non-
global. Since exclusive jet cross sections only constrain soft radiation to be within a certain corner
of phase space, NGLs are ubiquitous at the LHC. Therefore, an important task of theoretical work
is to resum these specific logarithms to guarantee reliable predictions across large scale hierarchies.

To illustrate more precisely the difference between global and non-global observables, we focus
on Figure 2.1. The left of Figure 2.1a shows the NLO corrections to the total cross section for dijet
production in ete™ — * — Xj.q With a center-of-mass energy (). The integral over the gluon
momentum p, indicates that for the total cross section we integrate inclusively over p,. In this
case, we do not obtain any large logarithms. The situation is different for event shapes such as the
jet broadening by [151,152] which measures the transverse momentum with respect to the thrust
axis. The thrust axis 7 7 is given by the direction with maximum momentum flow. The eye and the
looking glass on the right of Figure 2.1a indicate that the transverse momentum of the gluon w.r.t
the thrust axis is studied. Three-particle events involving two almost back-to-back jets develop
large logarithms In % because the transverse momentum of the recoiling gluon is very small. The
variable br is global, meaning that the gluon is constrained independently of its direction.

The situation is very different for non-global observables, the canonical example being the interjet
energy flow. Here, the hard radiation is restricted to be within the cones as depicted in Figure 2.1b.
To be precise, we impose that the (transverse) energy of particles in the gap, i.e. the region outside
of the cones, is below Q. It turns out that a twofold pattern of logarithms arises. According to
(2.1), the cross section is both sensitive to logarithms w.r.t the opening angle of the jet-cones In ¢
as well as on In % The main difference with the former situation on the right of Figure 2.1a is
shown on the left of 2.1c. Hard radiation cannot enter the rapidity slice because it is constrained
to be within the (jet-)cones, whereas in the global case, the emission was not constrained to be in
any particular region of the phase space. In fact, the first non-global contribution arises at two
loops from a secondary emission, as depicted on the right of Figure 2.1c. We elaborate further
on the different sources of single logarithmic corrections in Figure 2.2. Primary emissions from
the initial hard partons directly entering the gap lead to an incomplete cancellation between real
and virtual corrections. As a consequence, we obtain a global contribution, see uppermost Figure
in 2.2. These logarithms exponentiate at the level of the cross section. A second source of single
logarithms is also present, see middle illustration in Figure 2.2. Here, the first emission is inside
the cone and is considered to be hard. This primary hard emission further radiates into the veto

region, leading to a logarithmically enhanced contribution (aL)?2.

Taking into account further
soft emissions into the veto region, radiated from arbitrary ensembles of soft (but more energetic)
gluons inside the jet cones, builds up an entire tower of single logarithms (asL)™. For the sake
of simplicity, we refer to this type of emissions collectively as secondary emissions. We point out
that this is merely a figure of speech since the final emission entering the veto region is coherently

radiated from external ensembles which may consist of primary, secondary, tertiary, and higher-
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order configurations. In general, we associate all contributions arising from secondary emissions
with NGLs.

do

B f;
N Q
o

In

Otot

do Q .
pron In o Inéd

(b) Two-jet event with a veto region outside of the two cones.

(c) Emissions into the veto region. The red cross indicates that the unconstrained emission on the left

cannot enter the veto region, while a soft emission can.

Figure 2.1: Comparison of different observables in dijet production. Blue indicates unconstrained
contributions while red illustrates soft corrections. The quantity ¢ is related to the opening angle

of the cone.
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a?L?

373
oL

Figure 2.2: Different sources of single logarithms. Blue indicates hard contributions while red
illustrates soft corrections. The uppermost picture represents a global logarithm while the two
lower ones represent NGLs.
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Figure 2.3: Representation of the factorization formula (2.11). The blue lines depict hard radiation
associated with the energy scale @), which is constrained inside the jet cones, while the red lines
represent the soft radiation at lower energies (Qg. The soft radiation covers the entire phase space.

2.2 Factorization for jet production in e"e” annihilation

The basis for our resummation are factorization theorems for jet production in the presence of
a veto on radiation in certain angular regions of the phase space. The simplest case is two-jet
production in eTe™ collisions, i.e. eTe™ — 2jets at center-of-mass energy /s = @, which we will
focus on throughout this section. We use the jet axis as the thrust axis, which is defined as the
unit-vector 7 in the direction of the maximum momentum flow. This is different from common
clustering algorithms such as k; [154,155], anti-k; [156] or Cambridge-Aachen [157,158] which are
typically used at hadron colliders to define jets. However, it turns out that the angular constraints,
e.g. the gap in Figure 2.3, differ order-by-order. It has recently been shown how to take clustering
into account in the factorization framework [159], but for simplicity, we restrict the discussion
in this section to a fixed jet axis. We orient the two final-state jets along two light-like vectors
n* = (1,7) and a* = (1,—7) such that n-7 = 2 and n?> = #? = 0. Using these vectors, we
can decompose any four-momentum p* into a component proportional to n, another component
proportional to 7, and two residual components perpendicular to both

nk H

n
p“:ﬁ-p?ﬁ-n-p?—l—p’i. (2.2)
The cone jets have an opening angle a, and a particle (or radiation) is considered inside the jet if
and only if the absolute value of its rapidity Y lies within

1 1+ cosa
Y| > =1 _— 2.3
| |20g(1—cosoz>7 (23)

as depicted in Figure 2.3. We also introduce the abbreviation § = tan (%) which is related to
the opening angle a. The cross section is defined by imposing a veto on the energy Fou; of the
particles inside the gap. In other words, we require that the total energy emitted outside of the jet
cones is below QQg. The full dijet cross section including m hard and [ soft partons with momenta
{p} ={p1,p2,---,Pm,-- -, Pm41} can then be written in d = 4 — 2¢ as

(@, Qo) ST [ g
0 2@2 mz; 21_[/27Td 12E m {B} m {B}
x (2m)?6(Q — Eyo) 6171 ( ptot O ({r}) 0( Eou), (2.4)

Where |IMI({p})) is the full QCD matrix element, Eior = Z?z{l E; is the total energy and
ptot = —;l P is the total momentum. The m hard particles must lie inside the jet cones, as
imposed by ©j,({p}). The list {p} = {p1,p2,...,pm} refers to the hard particles only while {p}
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collects all particles present. At this point, we may already anticipate that by performing the
phase-space integral in (2.4) using the full theory, the result will depend on logarithms of the
ratio between the different energy scales L = log(Q/Qo) which yield enhanced contributions for
disparate scales.

To separate the different scales that contribute to this problem, we investigate which momentum
regions contribute. It turns out that for wide-angle jets with § ~ 1, exactly two momentum regions
are relevant, with respective scaling (n - p, 7 - p,p,)

hard: DPh NQ(lalal)a

(2.5)
soft: ps ~ Qo (1,1,1).

The hard region describes the highly energetic particles that must be inside the jet cones, whereas
soft partons can populate the entire phase space, i.e. they may be inside or outside of the jet cones.
Since there is no collinear momentum region for sizable cones, this observable is single-logarithmic.
In the following, we will carefully analyze the hard and soft contributions to (2.4) in order to render
each of them explicit to eventually obtain the relevant factorization formula. Each hard particle
may emit soft radiation, which we describe through a Wilson line S;(n;) along the corresponding

I
direction n; = %1
i

Si(n;) = Pexp (igs/o dsmn; - AS(sn;) Tia> ) (2.6)

where T} is a matrix in the color-space formalism [160, 161] and P is a path ordering operator,
ensuring that fields at different spacetime points are correctly ordered. Dressing each hard particle
with such a Wilson line operator, we can make the soft factorization at the amplitude level manifest

M ({B})) = Si(n1) Sa(n2) ... S (1) [Mim({p})) + O(NLP). (2.7)

Q Ty derive

The O(NLP) indicates that this factorization holds up to power corrections in
equation (2.7) from the effective field theory, one would match onto SCET. This means that it is
necessary to introduce a collinear field along each hard direction. It turns out that for our case,
there are exactly two operators which can be related to the usual quark and gluon field [162]. Upon
performing the decoupling transformation [163] we obtain (2.7).

To isolate the pure soft contribution of an arbitrary number of soft partons to the jet cross
section, we define the soft function S, as the vacuum matrix element squared of these soft Wilson

lines

Sm({n}, Qo) ZX (O1Sf(m1) .. S} () X)X S1(n1) ... S () 0)6(Qo = Eow),  (2:8)

Xs

where the constraint is imposed on the total energy E,, in the veto region outside the jets. This
means that the soft function depends on the cone size § since it is sensitive to the outside energy.
Using equation (2.8) we can disentangle the soft from the hard contributions in (2.4) and make
them explicit by writing

%) m d—1,
@0 =505 3 11 gty (el Sutn)) Mn(h)
X (ZW)d 5(@ - Etot) 5(d71) (ﬁtot) @in ({B}) + O(NLP), (29)

here the list of momenta {p} = {p1,p2,...,pm} specifies the hard partons which are restricted
inside the jet cones. The symbol Pior = Y ;o p; is the total momentum of the hard final state
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particles and the total momentum p; does not involve any soft radiation because its contribution
is power suppressed and can be expanded away. The integration is over the m-dimensional phase
space of the hard partons which we treat as massless. To make the factorization of the cross section
(2.9) evident, we introduce hard functions #,, which describe m hard partons inside the jet cones.
To obtain H,,, one integrates standard QCD amplitudes squared over the energies of the m hard
partons while keeping their directions {n} = {ni,...,n,;,} fixed. The bare hard functions are
defined as

m

d3
H,({0}.Q) = Q2H / dEE Mo ({01 (Mo ({0}

x (21)¢ 5(@ - Z E) 59D (Fror) Omn({n}) . (2.10)

The constraint ©;, ({n}) prevents the hard radiation from entering the veto region, i.e., it forces
the hard partons to be inside the jet region. The constant ¢ = €7? /7 was introduced in [123].
These hard functions can be seen as matching coefficients to the soft operators from an effective
field theory perspective. Using the definitions of hard and soft functions, we directly obtain the
factorization theorem

a(QvQO) = Z <Hm({ﬂ}7Qvu)®Sm({ﬂ}7QO7M)>7 (2'11)
m=2

valid at leading power in (QQy/Q expansion, u is the renormalization scale. Both hard and soft
functions are matrices in the color space [164] of the m partons, such that it is necessary to take
the color trace, as indicated by ( ---). The trace is normalized in such a way that <7i§0) ®1)=1.
Eventually, in order to obtain the cross section, we integrate over all directions {n} which is
indicated by the symbol ®

({1}, Q1) ® S({n}, Q. 1) H /dQ ({1}, Q. 0) S}, Qo). (212)

We would like to point out that our problem does not involve any collinear scale because 6 ~ 1, and
we consider massless particles. In practice, we do not have access to the hard and soft functions
to all orders. As usual, we make a perturbative expansion in ay, e.g. up to NLO, the following
matching corrections are necessary

0 Qg 1
HQZUO(HQJFEHQMF...), (2.13)
Qg
Hs = o (Eﬂgn +> (2.14)
Sm=1+%«55}l)+"', (2.15)

where o is the leading-order cross section. The superscript (n) indicates the order of the correction
in ag, while the subscript ¢ denotes the amount of hard final state particles. For instance, ’Hél) is the
virtual contribution and ’Hgl) is the corresponding real correction. The bare hard functions contain
infrared divergences which are in one-to-one correspondence with the ultraviolet divergences of the
soft. functions. Omnce combined, these divergences cancel and we obtain a finite cross section.
Inserting the expansions (2.13) - (2.15) into (2.11), we can expand the cross section o(Q, Qo) and
extract its NLO coefficient onr.0

J(Q7 QO)

=1 @
o0 +4 ONLO + ( )

=1+ (1Y o1+ 1) 08+ @1) + 0(ad). (2.16)
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In the following, we will calculate ’Hgl), ’Hgl) aswell as S g? using standard methods in perturbative
quantum field theories.

To conclude this section, we would like to emphasize that the main result presented here is the
factorization formula (2.11), which was obtained by analyzing the factorization properties of the
full QCD amplitudes. However, this result can also be obtained within SCET using collinear fields
along the directions of the energetic on-shell particles [95].

2.3 Hard functions

Starting from the abstract operator definition given in (2.10), we can extract the contributions to
the hard functions H,, from the full QCD matrix element for the process

v = q(p1)q(p2)- (2.17)

The contribution is straightforward at leading order because we normalize the hard functions with
the born cross section op. Since we eventually want to reproduce (2.1) up to and including a,
corrections, we need to calculate the NLO corrections to the hard function ‘H which are in one-to-
one correspondence with real and virtual corrections to (2.17). We will carry out this extraction
in the following sections.

2.3.1 Real emission contributions

The real corrections start at O(a;) and the procedure to calculate them is similar to a fixed-order
calculation for v*(q) — q(p1) @(p2) g(ps). In the notation of (2.10) the hard function ’Hél) is given
by

1

3
« —2e
20 5o MY T 2Q2(2m) 24 i:1/dEi E} 72 Ms({p1, p2, p3})) (Ms({p1, p2, ps})|

47
X 8(Q — Ey — By — E3) §B729(F ) + Ba + T3) Om({p1,p2,p3}).  (2.18)

As mentioned before, the integration is over the energies of the three particles in the final state
while their directions are fixed. In other words, this means that to calculate (2.18), we need to
calculate the matrix element for v*(q) — ¢(p1) @(p2) g(ps), then parameterize the corresponding
phase space in such a way that we can integrate over the energies while keeping the directions
fixed. This means that the final result will only depend on the angular information of the partons.
The matrix element is given by the squared amplitude and takes the form

)2 2CF g2 1> 23 + 23 — €2}
2

Q2 (1—371)(1—1)2) ’

where the variables z; = 2F;/Q denote the energy fractions and ji? = “QI;E with the renormal-

€

|Ms|* = |M (2.19)

isation scale y. Due to momentum conservation, the three partons must lie within a plane. The
most energetic particle is aligned with the thrust axis, and the jet cones are centered around it.
We find it most convenient to split the phase-space integration into different regions depending on
which particle carries the most energy. This leads to six regions

I: X1 > X9 > T3, II: z1>23>x0, III: xr3 > X1 > To, (220)

IV: 23>z9>21, V: x9>23>21, VI: 29>21> 23, .

depending on the various energy hierarchies among the three partons. Taking into account the
x1 > o symmetry according to (2.19), we only need to calculate the contributions from regions I,
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Figure 2.4: Representation of the three different kinematical regions of the three-particle phase
space I, IT and IIT as described in equation (2.20). The red color indicates the softest particle in
the configuration.
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IT and III. We will label the hard contributions related to the corresponding region by ’H3 I ’Héll)l

and ’HB’IH. In region I, the thrust axis points in the opposite way to p; since the quark carries
the most energy. We parameterize the final-state particle momenta with polar angles §; and an
azimuthal angle ¢ with respect to the thrust axis,

Dy = Q(17Oa 7O)a

b1 = El(laov to 70a _1)7
(2.21)
p2 = E5(1,0,---,0, —sin psin s, — cos ¢ sin O, cos 05),

ps = E5(1,0,---,0,sin¢sin 03, cos @ sin O3, cos 03),

where p- is the momentum of the incoming +* in the center-of-mass frame. The situation is
shown in Figure 2.4. We point out that since the particles lie in a plane, we could have chosen
the azimuthal angle to be zero, however, we keep it as a parameter, such that we may also study
distributions in ¢. The three-particle phase space only depends on a set of 2 variables due to
momentum conservation. We find it convenient to perform the parametrization with the energy
fraction of the gluon z3 and the cosine of the angle between the gluon and the thrust axis 63

dII " p; d §(d
3= H T %dl 2m)4 6D (q — p1 — p2 — p3)

9\ b€ o) —3+2€ ()2+2¢ in2 0. 1—-2¢ 1-2¢ .
_ /d.’I}3 dgz)d(coseg) (Q) ( 7T) Q (Sln 3) Xy T3 (SinQ QO) ]

32F(7—6)F(%—e) 2 — x3 — x3cosf;3

(2.22)

We also need to express x1,x2 in terms of 63 and x3. We can do this by using the relations

Ty = 2 — 1 — T3, (223)
2(1 —56'3)
27!173 7I3COS€37

(2.24)

T =

where the first one is obtained by energy conservation and the second one by solving a system of
equations to get the minimal set of variables. The next step is to combine (2.19) and (2.22) using
equations (2.23) as well as (2.24). To obtain the pure one-loop contribution to the cross section,
we factor out the d-dimensional Born-level contribution multiplied by the two-particle phase space

p _ (2)* () 02
/dH2|M2 |” = <Q) W{M : (2.25)

When we evaluate the phase-space integral, we also need to take into account that hard particles
must be inside the cone as indicated by ©i,({p1,p2,p3}). To implement this constraint, we find it
convenient to change variables from x3 — 65 because, in this way, the restriction is manifest. In
addition, we introduce the variables

. 0 0
0y = tan 52, 03 = tan 53, (2.26)
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allowing us to write the bare hard function for region I, i.e. for the case of a quark jet in the left
hemisphere

~A A 4C 47)€ ~2\ € R . d ) .
Hé}%(@g,@g,@,u) = m (g2> /deg/deg/% (51n2 (‘p)

00 (0 0) (1 uhy)

« [293 (1) (1) (B2 +6) + (1 — 003 (1+ ég)j O (6s, f5)1 .
(2.27)

For a cone opening angle o > %, we need to ensure that the thrust axis does not flip. This issue
arises in the limit where both angles 03,03 reach ¥ with respect to the thrust axis. This limit
is a symmetric configuration of the three partons, meaning each parton carries one-third of the
initial energy, i.e. @/3. If the smaller angle between é27 65 becomes larger than the threshold of
7 then the thrust axis will flip, as it aligns with the direction of the most energetic parton in a
three-parton configuration. To prevent this from happening, we use Heaviside functions [98]

Oun (02, 05) = © (5—9}) 0 (5—9},) e (\/1+é§ — —9},) o (\/1+é§ s —9};) ,(2.28)

where 9 is related to the opening angle. This means that the smaller angle between 05 and 03 must
be less than 1//3, equivalent to an angle of % from the thrust axis. To disentangle the soft and
collinear divergences present in (2.27), we perform a final change of variables

0y = uv, 03 = v, (2.29)

where u and v are integrated between 0 and 1. To make the divergences explicit, we expand ’Héll)
in terms of distributions

1 1 1
w12 = ——5(u) + <) — 9% (nu) SR (2.30)
2e u) . u o)

where we introduced the standard -+-distribution, which is defined according to

(1> = [ =10 (2.31)
.

u 0 u

and consequently for (1“7“) - The convenience of the variables introduced in (2.29) to parameterize
the angles becomes manifest when we use these to express the Oy, (6, f3) constraint in (2.28). Since
the variable v is directly related to 65 while u represents the relative size of the angles, we can
express the constraint that a hard emission must be inside the cone jets using only v. In addition,

we can enforce the thrust-axis constraint using one Heaviside function as well, such that we obtain

O (u,v) = O(5 — ) O ( 1+ (w0)? —u — v) , (2.32)
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for symmetric cone configurations. Eventually, after introducing the appropriate variables and
expanding in distributions, we obtain the expression for the bare hard function ’Hél) in region I

2C C
H (u,0,0,Qp) = S+ =F

+/01du/01dv/027r;licp{ {41&5-7:} §(u)s(v) + [41n (4sin® p) —SIng] 5(u) <i>+

2u?
(1+wu)?

{4 +41n2—4ln5+4an}

— F(u,0)In(1 + u)} 5(v) <1> )

u

Inv

+85(u) (U)+ + {— In %F(U,O) +

+ F(u,0)5(v) (lnuu)+ + Flu) (i>+ <i>+ }@in(u,v)L (2.33)

where the integration over u,v and ¢ has already been carried out for singular parts in (2.33). In
principle, we could renormalize the hard function directly in the MS scheme, which is straight-
forward at the one-loop level because we only need to drop the poles. However, we will keep the
poles to verify that all the divergences indeed cancel as they must. The auxiliary function F(u,v)
introduced in (2.33) is defined by

F(u,v):4[u[_2(u +u+1)v +z¢u(2+u1()z+1)+1)v +u+2]+2}. (2.34)

To obtain the contributions of the hard function to region II, we proceed in close analogy to the
discussion above. Recall that in this region the anti-quark g(p2) is the softest particle and not
the gluon, as was the case in region I. Hence, in this conﬁguratlon 65 > 03, while in region I the
opposite was true. As a result, we use (2.27), but substitute by = v, 03 = uv before making the
divergences explicit upon expanding in terms of distributions. Finally, we get

Cr

H) (u,0,Q, ) = 6{4—41nz}

+/Oldu/01dv/02w‘;:cp{ [1ngG(u,0)+M+G(u,0)ln<1iu>}5(v)

+ Glu,v) (i) ) }@in(u, 1. (2.35)

We point out that %:(311)1 is independent of ¢, however, we keep the dependence to allow for a
differential study in ¢. The function G(u,v) is given by

Clu,v) = 4fu[-2 W +u+1)v? + 1(151:{111; 2) + 2)v* 4+ 2(u+1)] +1] . (2.36)

In region III, we have a configuration with a gluon jet recoiling against a gg-pair, which we align
with the thrust axis and a hard ¢g pair on the right. Here, we find it most useful to parameterize
the phase space with the polar angles of the quark 6; and anti-quark 65, see Figure 2.4. By using
momentum conservation we can perform this change of variables, and after some algebra, we find
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that the hard function in terms of él, ég reads

IH3 (01, 02,Q, 1) = 4CFF(\( m)* ( ) /dﬁl/dﬁz/ (sin® )

576

N A~ N N —2+42¢ ~ A —1—2¢
x O72¢05 2 (91 + 92) (1 - 9192)

« [(1 FO) B 4 (1 88) 82440307~ c (94 8) (1 éle;)Q] Oun(fr,02)1
(2.37)

where the cone and thrust-axis constraints Oy, (0y,05) are the same as in (2.28), of course in the
appropriate variables. We immediately see that (2.37) is free from collinear or soft divergences.
Consequently, we can directly set € — 0 so that the dependence on ¢ becomes trivial. We param-
eterize él = uv, ég = v such that we finally obtain

27r
3111 u, v, Q, 1) / du/ dv/ —CFH (u,v)Oin(u, v)1, (2.38)

with

4v (u4v4 + u?vt + 4uPo? + u? + 1)
(u+1)2 (1 —uwv?)

H(u,v) = (2.39)

To conclude this section, we summarize the main results. Starting from the full QCD matrix
element for v*(q) — q(p1) @(p2) g(ps) we extracted the hard functions by integrating over the
energies of the hard partons. To perform the energy integrals in d-dimensions, we carefully divided
the phase space into three regions, depending on the kinematical configuration. We obtained
analytical expressions for the hard functions in (2.33), (2.35) and (2.38), which are distribution-
valued in the angles of the particles. These distributions are artifacts of the soft and collinear
divergences present.

2.3.2 Virtual contributions

The virtual corrections are in one-to-one correspondence with the ones for the form factor F,(q?),
which have been calculated up to four loops [165]. However, the first order contribution in «y is
sufficient for our purposes. This contribution is usually referred to as the dijet hard function also
arising in global observables [24]

4C C
%él)(uaU7Q7p’):_ 2F_ EF {6+81 Q}

€

/du/ dv/%C{ Q —12In 6—16—1-% }5(u)5(v).

(2.40)

A priori, there is no dependence on the variables u,v since no emission is present in the virtual
correction. However, we choose to introduce a trivial dependence on u, v through delta functions. In
this way, we can directly combine finite terms from real and virtual contributions. While collinear
singularities cancel once we combine real and virtual contributions, a soft term proportional to
the cone-opening angle ~ % remains. This residual singularity will eventually cancel when we

combine the hard and soft contributions in order to reproduce the cross section at NLO accuracy.
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Figure 2.5: Feynman diagram for the one-loop soft contributions S,,({n}, Qo, t). The soft gluon
is shown in red and points along the direction nyg.

2.4 Soft functions

The soft function 8, introduced in (2.8) is defined as the vacuum expectation value squared of m
soft Wilson-line operators. At leading order its contribution is trivial 87(2) = 1, while at one loop
it is given as a sum over all dipoles originating from emissions by two Wilson lines, see Figure 2.5.

The specific expression in momentum space is
s g(1)
78 ny, 9 =
1 Sm ({n}, Qo 1)

dk n; - n;
2 ~2e 2 0 i
— g ; Tiv- Tin / Gyt OO L (O (1) + O (m)0(Q0 — B

(2.41)

where ny, is the light-like direction vector of k and the sum runs over all unordered pairs (ij). In
other words this means that we include both contributions ¢ =1, j =2, as well as ¢ = 2, j = 1.
To indicate from which side a color generator acts on the hard functions H,,, we write T; r and
T;. 1. In principle, we obtain a contribution to the soft function when the ny, is inside the jet cones,
however in this case the resulting integral is scaleless since there is no constraint on the soft energy.
As a result, the one-loop soft function only receives contributions when the soft emission is inside
the veto region, i.e. outside of the jet cones. We point out that the one-loop soft function depends
on the radiation being vetoed through 8(Qo — E}) in the sense that if we decided to restrict not the
energy itself, but for instance the transverse energy E; o4, the soft function would change. Indeed,
to obtain the soft function for the Sterman-Weinberg jets, we need to use 6(Q8 — 2Fy), which
specifies that the energy outside of the jet cones E,,; must be smaller than %ﬁ We remind the
reader that 8 is the same quantity as in (2.1). For the case where the soft function only contains
two Wilson lines Sél), the calculation is straightforward. In this situation, only one dipole with

reference vectors n and n exists. We parameterize the soft emission in d-dimensions using
E* =E%(1,--- ,singpsiné, cos psin b, cos ) | (2.42)

where ¢ is the azimuthal angle and # the polar angle. Next, we expand the measure d%k in terms
of these angles, substitute v = tang and perform the energy integral using the 0(QS8 — 2Ey)
constraint. After expanding the soft function as a series in € we obtain

1 1 2m 1
st = 5Crine +/ dv/ d‘pCF{m (n“)
€ 0 0 2T v +

+ [81n (4sin® p) + 16ln% —161n(1 +u2)] (i) }Gout(v)l, (2.43)
+
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where we keep the dependence on ¢, v for the finite part. We see that there is a remaining soft
singularity. Interestingly, we also see that the (p-dependence exactly cancels between the hard
function H3 1 and Sgl). To see this cancellation explicitly one writes O (u,v) = 1 — Oyt (u, v) in
the hard piece in equation (2.33).

2.5 NLO cross section

In the previous sections, we have calculated all the relevant ingredients for the factorization theorem
at NLO in a,. By combining these ingredients, we must retrieve known fixed-order results. For
the first check, we set ©;,(u,v) = 1 which means that we integrate the hard HS),HQ) and soft
functions Sél) over the full solid angles. In this case, the soft function vanishes since everything is
considered to be a hard contribution, i.e. to be inside of the jet cones. We obtain

(#H ©1)+ (HY ©1) =30k, (2.44)

which is precisely the well-known result for the total cross section for ete™ — 2 jets at NLO,
normalized to the Born contributions. The situation is more interesting once we impose a non-
trivial gap size. For a jet opening angle o < % which corresponds to § < %, the thrust-axis
constraint is always fulfilled so that (2.32) simplifies to ©(6 — v). In this case, the hard and soft

contributions evaluate to

us

#H 1)+ (H ©1) =0 [ L L % +12(1 =6 In2+ 8?6 — 12Ind
—1252+954+8Li2(52)—161n51ng}, (2.45)
(HY @ 8 =Cp {sm(s — 8Liy(—02) — 81n?5 — ? —16Ind1n ﬁ;ﬂ . (2.46)
where Lig(z) = — fox dz w represents the dilogarithm. We explicitly see that the remaining

singularity in each of the pieces cancels once we add hard and soft contributions to obtain the
one-loop coefficient

onto = Crp [— 16IndInB —2+12In2 — 12Ind — 1262 + (9 — 121n2) 6* 4+ 8 Liy(6?) — 8 Lin(—6?) | .
(2.47)

We remind the reader that only the combination of hard and soft functions is physical and can thus
1
V3’
constraint. Performing the integrals analytically and adding hard and soft contributions, we get

be compared with the literature. For § > we need to also take into account the thrust-axis

ONLO = CF |:3— 161n51n5
2

26
+3(86% —5—36*) —12In2 +4In*2 + 126* m(

1+52) +12In (1 + 6?)

8In2In (14 62) +41n? (1 + 62) + 8Li 1-¢ 8Li 1-&
= 8m2In (140%) +4In (1 +6%) + 8Lz | — +8Liz | 5

~181n6% — 21”62 + 81007 In (1 - 6%) — 8Ind%In (1 +6%) |. (2.48)

We point out that in the limit 6 — 1, we retrieve the inclusive result (2.44) since all the terms
starting from the second line add up to zero. We compared the analytical expressions for oni,0
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with [147] for both cases and found agreement. These coefficients can also be calculated numerically
within the full theory in order to verify the factorization theorem. This has been carried out for
0 < % in [95] and full agreement has been found for small values of 8 due to the fact that the
factorization theorem (2.11) does not involve power corrections in 8. In other words, (2.47) and
(2.48) hold, in principle, for any value of § up to terms suppressed by power(s) in 3. Therefore,
we can expand (2.47) in the region where § is small

onpo = —16IndIn g —12Ind + ¢, (2.49)

with ¢g = —2 + 121In 2, which is precisely the same structure as (2.1). The constant term differs
because of the different definitions of the jet axis in this work and [149]. More formally, it has been
shown in [94] that the cross section (2.11) refactorizes in the narrow-angle limit. In Laplace space
we get

2

5(7,0) = 00 H(Q) S(@Q7) | D (TFn(Q0) @ U (Q57))| (2.50)

m=1

and involves hard H(Q), soft S(Q7), jet T (Q8) and coft U,, (Q57) functions. The construction
of the effective theory is more complicated in the narrow-cone case. However, the individual
ingredients are more complicated to evaluate for wide cones since their dependence on the cone
opening is 0 is non-trivial. For instance, corrections to the hard function H(Q) are not able to
resolve particles inside the jet, while this is the case for H,, in the wide-cone scenario. In [95] the
relations between the different ingredients in the wide and narrow-cone cases has been worked out
as & becomes small.

The validity of the factorization theorem (2.11) has also been established at two loops. In [95], the
next-to-next-to-leading-order corrections (NNLO) to the cross section oxnpo have been calculated
to show that the logarithmic structure from the full theory is correctly reproduced by using the
factorization theorem. In particular, the leading non-global logarithm, which starts at two loops, is
correctly reproduced in the effective field theory. The leading non-global contribution arises from
secondary emissions off hard partons inside the jet cones. This means that its contribution is given
by the combination of ’Hgl) with & él)

2e 2e
(M) 8y = C. (“) (“) 072 [C2Mp(3,¢) + CrCaMa(d,c)] . (251)
Q pQ
with the coefficients Mp(d,€), Ma(d,¢) and a constant term C, = 46%. The non-global
contribution is given by the double-pole contribution of
1 472
Ma(8,€) = — [—8L12 (6%) + g] oo, (2.52)
€

and is precisely the same as in [83]. The full result for M4 (6, €) and Mp(J,€) can be found in [95].
We point out that the separation between global and non-global is artificial and, in fact, not unique
at subleading accuracy.
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2.6 Renormalization-group evolution and resummation

The logarithms In § arising in the cross sections (2.47), (2.48) for wide-angle cones will become large
for disparate scales Qg < @ and need to be resummed to guarantee reliable theory predictions. This
is done by solving RG equations for the hard functions H.,,, evolving them from their characteristic
scale up ~ @ down to the soft scale ugs ~ Qp. The associated RG equations are a crucial ingredient
to carry out the resummation of logarithmically enhanced contributions to all orders in perturbation
theory. At the soft scale ug, the soft functions are free of large logarithms and can be evaluated
perturbatively in as(us). Similarly, at the hard scale uy, the hard functions do not involve large
logarithms and can be evaluated perturbatively in as(ug). At the level of the factorized cross
section, we denote the evolution through

o(@Q,Q0) = > (MHu({n'},Q 1) @Y Uni({n}, e, pn) @ Si({n}, Qo, 1)), (2.53)
m=mg >m

where my is the number of Born-level hard particles, e.g. my = 2 in dijet production in e*e~
collisions. The evolution factor U,,; maps a configuration with m partons along the directions
{n'} = {n1,...,nm} to a final-state configuration with ! partons along {n} = {ny,...,n;}, thereby
generating additional emissions. The symbol ® denotes the integration over the directions of the
additional emissions that are generated during the evolution, while ® stands for the integration
over the directions of the original m hard partons. The evolution factor is defined as a path-ordered

exponential of the anomalous dimension T°

Uni({2}, 10, i) = Pexp [ / %“r({y}, wh| (2.54)

s mi
The ultraviolet divergences of the soft matrix elements are captured by the anomalous dimension
matrix I', which are in one-to-one correspondence with the infrared singularities of the hard matrix
elements. These divergences can be removed by renormalization. Since we impose that the cross
section (2.53) must be independent of the associated renormalization scales pp,, s, we obtain RG
equations for the hard functions,
d m
gy ({0}, Qo) = = > Hi({n}, Q1) Tim({n}, Q. 1) (255)
l=mo

It is also possible to formulate an evolution equation for the soft functions which is governed
by the same anomalous dimension as in (2.55). This relationship between ultraviolet and infrared
singularities has been used extensively to predict the infrared pattern of QCD amplitudes [166-182],
in particular also involving massive legs [183-189]. We would like to emphasize that the situation
we consider here is more complicated since the hard functions #,, depend on the directions of the
m partons and the geometry of the veto region.

In general, two types of infrared singularities arise in H,,. First, one or several of the partonic
energies F; become soft, or secondly, infrared divergences associated with loop corrections to the
hard matrix element. We associate the former with real emissions and the latter with virtual
corrections. Regardless of their origin, both singularities must be captured by the anomalous
dimension matrix I'. We expand the anomalous dimension as a perturbative series in aj

2
- %;r“) + (Z‘—W) 4 (2.56)

with the one- and two-loop contributions denoted by I'™), T®)_ Since the hard functions H,,
are, in principle, QCD matrix elements integrated over the energy, we can anticipate the general
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structure of the anomalous dimension. It is clear that the anomalous dimension matrix cannot
be diagonal because we need lower-multiplicity virtual diagrams to cancel singularities from real-
emission diagrams. This means that the one- and two-loop matrices take the form

Vo Ry O 0o ... vy T dy O
0O V3 R3 0 ... 0 w3 r3 dj

r=| o0 o v, R, ...|[|, =1 0 0 v vy ... |, (2.57)
0 0 0 Vi ... 0 0 0 ws

which represents the dijet case. At the O(as) level, the divergences may arise either from a one-
loop virtual correction denoted as V,,, or from a single real emission denoted as R,,. The latter
generates an additional particle, which increases the number of partons from an m to an m + 1
configuration. As a result, it occupies the row directly above the diagonal in the matrix I'. Moving
to two loops, there are more possibilities. We need to consider double real emissions d,,, real-
virtual corrections r,,, or two-loop virtual terms v,,,. This pattern illustrates that each subsequent
order adds another row above the diagonal in the matrix I', with no entries appearing below the
diagonal. In the usual manner, the anomalous dimension is intricately linked with the Z-matrix,
which serves to absorb the divergences arising from both the hard and soft functions. At the
two-loop level, the Z-matrix takes the following form

%1 (G ) @ e
Zim =1 47r2erlm+ Anr SZZF et 43 Tim Tactim | (2.58)

neglecting collinear singularities which cancel among hard functions #;. In short, we extract
the anomalous dimensions by looking at soft limits of the hard functions. Consistency demands
that the application of this matrix to either the bare hard or bare soft functions must absorb all
singularities in order to make them finite

m

Holnh Q) = 3 HP ({0}, Q,6) (271, (2} Qe ), (2.59)
I=mo
l({ﬂ}v Q07 Ms) = Z Zlm({ﬂ}v Qa €, :us) ® S]::re({ﬂ}’ Q07 6)' (260)

m=l

The structure of the Z-matrix may appear unexpected, as Wilson-line matrix elements typically
undergo multiplicative renormalization. However, in this case, additional UV divergences arise
in the real-emission diagrams due to the unconstrained nature of soft radiation inside the jet
cones. It is precisely these divergences that give rise to NGLs. Its structure is also reflected in the
anomalous dimension matrix I' which is, in principle, an infinite dimensional object because, as
already mentioned, soft functions of higher multiplicities are necessary to cancel the divergences
present in matrix elements with fewer Wilson lines.

In the next section, we will extract the one-loop anomalous dimension which governs the LL
evolution. From (2.58), we directly see that the one-loop anomalous dimension is in one-to-one
correspondence with the soft divergences of one-loop corrections to the hard functions.
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2.6.1 Omne-loop anomalous dimension

The one-loop anomalous dimension I'™) contains two kinds of contributions: the real R,, and
virtual V,,, ones. In this section, we derive both contributions following [123]. Before we start
the explicit calculation, we recall how soft gluons factorize in general. Whenever a soft gluon ¢
is emitted from a hard amplitude involving m legs with momenta {p} = {p1,...,pm}, to leading
power, we can write the amplitude as a sum of eikonal factors

n1

Mn1({p, 4})) = €I a(@)Mm({p})) = gsZT“ Mn({p}), (2.61)

with €, the polarization vector of the outgoing gluon and T;* denotes color generators associated
with leg ¢ in the color-space formalism [164]. The soft current J,, 4(q) is expressed at leading order
in the coupling constant. One and two-loop results for this quantity are also available [190-192]. To
obtain the leading-order real emission R, contributions in the anomalous dimension, we consider
the hard function for m + 1 partons

" dE; Ed 3
Hor (). Q.) = 355 3 [T [ gye Moo (2. a)) (Mo (G
spins =1
m—+1
x (27)? 5(@ -y E) S (Fior + 0) Oun({pra}),  (2:62)
i=1
with n = {n1,...,n,} the directions of the momenta, and take the limit when the emission ¢

becomes soft according to (2.61). In addition, we apply a cutoff on E; to isolate the soft divergence
arising in the energy integral. Since we consider the emission g to be soft, it can be expanded out
of the phase space constraints so that we get
A d—5
Mol Q) = a2 [ 2 ) Y e T Hnllah QT (260
ij

where (ij) refers to unordered pairs of indices and a is the color index of the amplitude while a is
the one from the conjugate amplitude. In order to perform the color trace as indicated by (---)
n (2.11), the hard function is contracted with the leading-order soft function &, so that we can
set a = a. However, we keep these indices explicit in order to separate the contributions from the
amplitude versus its conjugate. Moreover, the right-hand side of (2.63) is part of the color space
with m particles, whereas H,,+1 on the left-hand side lives in the color space of m 4 1 partons so
that we need to make the additional color index explicit. Performing the energy integral as well
as expressing the bare coupling g, in terms of the MS one, we obtain

20@;

%m—f—l({ﬁa nq}v Q, ) = (7) in nq Z Wq T Ho, {n}, Qa 6) T']& ) (264)

€4

where we introduced the dipole radiator W = — 29—
J NiNg NjNg

factors. As already pointed, the color generator multiplying the amplitude is on the left and the

which is the product of two eikonal

the one multiplying the conjugate amplitude is on the right of the hard function #,,. To indicate
from which side the color generator acts on the hard function, we write T;'; and Ti‘:lR. Using this
notation, we can read off the contribution to the anomalous dimension

R, =—4) T T W bin(ng) (2.65)
(i)
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Figure 2.6: Real contribution to the one-loop anomalous dimension I'¥). The red gluon indicates
the exchange of a (real) soft gluon between the legs i and j, which we identify as the dipole (ij).

because according to (2.58) we obtain the anomalous dimension by multiplying the coefficient
of the divergence with —2. The anomalous dimension R, transforms a hard function involving
m partons into a hard function involving m + 1 partons. We emphasize that integrals over the
anomalous dimension (2.65) are a priori not well defined since R, becomes singular in the limit
where ¢ becomes collinear to either i or j. As a consequence, (2.65) is not well defined on its own.
When the anomalous dimension is applied to soft functions, these collinear divergences will cancel
out the collinear divergences in the virtual corrections. We can introduce a cutoff to regulate
these collinear singularities both in real and virtual contributions such that they can be calculated
separately in d = 4 and subsequently combined. Such a cutoff is usually applied in parton showers.
One can also isolate the divergences in dimensional regularization, see for instance [123].

To obtain the virtual corrections, we apply soft factorization (2.61) to the one-loop corrections,
which are depicted in Figure 2.7. Since each of the m legs in the hard function is dressed with a
Wilson line, we immediately obtain the one-loop correction to the amplitude as

_ g dlq  —i ni N

X 111 . 1-'] Hm({ﬂ}) Q7 6) + h.c. ) (266)

with T;-T; = >, T T;* and we add a factor of 1 because the sum over the dipoles (ij) is unordered,
i.e. each contribution appears twice hence we need to remove double counting. Strictly speaking,
the hard functions H,,(n, @, €) on the left and right sides of (2.66) are not identical, as the soft
virtual correction on the right has been expanded. Consequently, the hard function on the right
is one order lower in «. Therefore, with a slight abuse of notation, we write H.,,(n, @, €) on both
sides. In (2.66), the 0 prescription assumes outgoing Wilson lines. The corresponding result for
incoming Wilson lines is obtained through the substitution ny — —ny for k =7 or k = j so that
the 70 prescription switches. Similarly to the real contribution, we need to perform the integral
over ¢" and a subsequent integration over |¢| where we extract the soft divergence. To do so, we
first need to isolate where the divergences lie in the complex plane before applying the residue
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theorem. The three propagators in (2.66) have singularities at

?+i0 = ¢ ==+E,Fi0, (2.67)
ni-q+i0 = nd¢® =7, 7 —i0, (2.68)
cq+i0 = nj¢’ = ﬁ] q + 0. (2.69)

An illustration of the structure of singularities can be found in Figure 2.8. We will use the following
identity to simplify the discussion
1 B -1
ni-q+i0  —n;-q+i0

—27id(n; - q). (2.70)

Inserting (2.70) in (2.66) we obtain

95 ] n; - n; -1 )
Honlln, @0 = Z;)/ q+z0][ ry gt 10] g o] 2o

X T - Tj Ho({n}, Q,€) + hec., (2.71)

so that we have shifted the singularity of the light-cone propagator n; - nq + 70 to the upper half
plane, where the pole from the other light-cone propagator n; - ny + 0 lies as well, see Figure 2.8.
The part in (2.71) without the §-function, which we denote with a superscript ’Hg,‘:), contains three
poles with positive imaginary parts and one with negative imaginary part. Therefore, it makes
sense to close the contour in the lower half-plane in order to avoid the poles from the light-cone
propagators and only pick up the pole situated at ¢° = E, —i0. The next step is to impose a cutoff
A on the energy integration such that we isolate the soft singularity

H ({n}, Q, ¢) 0‘5 Sy LT </ dE,E& 5) /[dﬂq]n_ni%nj%m({@},@e)+h.c.

(Zj) q°'" q

= e (2A ZT T /dQ Him({n}, Q. ¢) +hec.. (2.72)

471' €
From (2.72) we directly get the anomalous dimension through (2.58)

Vi =2 Z (Ti,p - Ty +Tir - Tj R) /[qu] Wi, (2.73)
(i)
where we added the contribution due to the conjugate amplitude which is proportional to T; r-T; r
We see that (2.73) contains the same collinear divergence as (2.65).
The divergent part of the contribution proportional to the §-function, which we denote with the

superscript H®) | can be obtained by boosting into an appropriate frame in which we treat the

m ’

perpendicular component of ¢ as purely spatial. We get a purely imaginary part
(b) OZS T
Hy ({n} Q) =2 ) T TiHn({n}, Qo) (2.74)
(i5)

from which we immediately extract its contribution to the anomalous dimension

:—22 iL " ]L_T'zR ER]XZ’]TH” (275)
(i5)
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Figure 2.7: Virtual contribution to the one-loop anomalous dimension T'Y). The red gluon indicates
the exchange of a (virtual) soft gluon between the legs ¢ and j which we identify as the dipole (ij).

Since the conjugate amplitude has the opposite imaginary part, its sign is flipped compared to
the amplitude. This imaginary part arises from the cut through the two eikonal lines, commonly
referred to as the Glauber or Coulomb phases. This component is absent when one line is incoming
and the other is outgoing. This is indicated by the factor

(2.76)

h 1, 1,7 both incoming or outgoing,
N 0, otherwise .

While these Glauber phases are absent both in the large-N, limit and for processes initiated by
ete” annihilation, they lead to super-leading logarithms [90,110] for processes at the LHC. Even
though the leading contribution starts at four loops, their effects could become phenomenologically
relevant since it is a double logarithmic effect, in particular for gluon-initiated processes [193].

To see that the collinear singularities indeed cancel between the real and virtual contribution, we
apply both R,,, and V,, to the trivial leading-order soft function §,, = 1. Adding the contributions,
we find

(M @ (Vin 1+ R,,®1)) =4 Z /[qu] Wi Oous (ng)(Hm @ T; - Ty) (2.77)
(i)
where we defined 0,4t (nq) = 1 — 0in(nq) and moved the color generators acting on the left to the
right by using the cyclicity of the color trace (...). From (2.77), it is evident that the angular
integration is finite since the soft emission must be outside of the veto region so that it can never
become collinear to the hard partons along directions ¢ or j. It is also possible to show more
generally that the collinear singularities do cancel, see [123].



2.6. Renormalization-group evolution and resummation 27

: > Relq7] : > Relq]

Figure 2.8: Complex plane indicating the locations of singularities. On the left, the divergences of
the propagators from (2.66) are shown. In blue we indicate that the divergence from —n; - ¢ + i0
is situated in the upper half plane. The divergence from n; - ¢ 4 <0 lies in the lower half-plane as
indicated in green. A red cross denotes a divergence associated with g2 +40. On the right, we show

where the singularities lie after using (2.70).
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2.6.2 Two-loop anomalous dimension

In this section, we will present the result for the two-loop anomalous dimension I'?), obtained
in [123]. The subleading contribution to the anomalous dimension has been derived by taking
(double-) soft limits of amplitudes and isolating the infrared singularities associated with this
limit.

As indicated in (2.58), it is necessary to remove contributions due to the iterations of the one-loop
anomalous dimension such that we isolate the single pole contributions. There are three different
entries which contribute at two loops. The double-real entries d,, capture singularities emerging
from unordered double emissions off the original hard partons, extending the configuration from m
to m+2 hard partons. The r,, entries correspond to soft singularities within real-virtual corrections
and map m-parton hard functions to m + 1-parton configurations. Lastly, the v,, entries relate to
soft singularities in two-loop virtual corrections, keeping the number of hard partons fixed.

The part of the anomalous dimension associated with two emissions along the n, and n, direc-
tions is extracted by analyzing the soft current for emitting two particles, isolating the correspond-
ing soft divergences, and removing the strongly ordered contribution, i.e. the iterated one-loop
result. The explicit result for double-real contribution to the anomalous dimension is

dy = Y if " (T T) LT — TirT) T 1) KijhsarOin(ng)fin ()
W5,k
=2 T T Kjigrbia (1) Oin (1) (2.78)
(2)
The first term present in d,, involves three color generators and is proportional to the angular
function [97,123]

r r r r 23
Kijk;q'r- = 8 (qu ik~ WZ%CW](] — W,:i ik + W;‘]]W]q) ln (nkj> s (279)

where we use the notation ny, = ng - np. We point out that Kj .4 vanishes in all collinear limits.
Since the sum over k in (2.78) is unconstrained and therefore also includes k = i and k = j, we also
obtain two-particle contributions from Kjjj.qr. In the large-N. limit, it turns out that only these
contributions need to be considered. The terms Kjjj.qr = Kijjj.qr = 0 vanish, but K;;; or Kjj;
yield a contribution. The second term present in d,, involves two color generators and multiplies
the angular function Kj,q-. This two-particle term is split up as [97,123]

Kijigr = CAKS) 4 [npTp — 204 K9\ +[Ca — 2npTe) K5 (2.80)
The individual functions are specified by
K@ Anig |y Mighar n Ml
FA nigngrngy NigNjr — Nirfjq | Nirljg
8nj iqMjr
®) _ Tij In 4" (2.81)

15;qr ’
P ngr(ignr — NirMijq) - Nirljg

(c) 4 (NigNyr + NirNjg | NigNjr

Kij'q’r =5 In —2].
Ngr \MigNjr — NirNjq  NirNjg

These functions are finite when n, or n,, become collinear to the legs n; and n;. However, collinear

divergences arise when n, becomes collinear to n,.

The real-virtual part of the anomalous dimension is calculated by taking the soft limit of ampli-
tudes with a virtual gluon in the direction of 7, and a real emission pointing towards n4. Similarly
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to the calculation of the virtual one-loop contributions V,,,, we use the residue theorem to perform
the energy integrals over the internal loop momenta. By doing so, one obtains

Tm= —2 Z Z Z‘fabc( i(,lLTﬁRTkC,R - E?RT}%LTIE,L) /[er] Kijkqrthin(ng)
i (k)
- Sty { W [0 @) +95) — 2 140 Ko § Ol
(i)
+8im Y Y if (TP TE R T g + TERTy LT L) Wi W 6i(ny) (2.82)
i (k)

with the two-loop cusp anomalous dimension

S 67 w2 20
cusp _ 4 RN — —_ T 2,
" (( 9 3 ) Ca o "'F F) (2.83)

where np is the number of fermions included in the theory and T is the trace of the associated
generator. In addition, we also use the one-loop coefficient of the g-function gy = % Cy— %n rlp.
We expressed the real emission part as an angular integral to make the cancellation of singu-
larities when n, becomes collinear to n, explicit between real-virtual and double-real anomalous
dimensions.

To calculate the purely virtual part v of the anomalous dimension we need to consider two-loop
corrections to amplitudes either involving two or three eikonal lines. The loop momenta point along
nq and n,. We perform the energy integrals by using the residue theorem and isolate singularities
by imposing a cutoff in close analogy to the previous discussion. We obtain for the double-virtual
contribution

Um = Z ifabc (E?LIW;),LTICC,L - IWiL,LRCZ—']b,RTlg,R) /[qu] /[dQT] Kijk;‘ﬂ'
(igk)

1
+2 5 (T + TR T ) / [d2]) Wi [4B0 In(2W5) + 7]
(i5)

—in 30 5 (T T, — T R) Ty (2.89)
(i5)

The different parts of the anomalous dimension contain collinear divergences. For instance, terms
involving WZ% in 7, and v,, become singular when the additional emission is collinear to the hard
partons ¢ or j. In addition, the two-particle contributions Kjj;,, present in r,, and d,, diverge
when the two additional emissions along n, and n, become collinear to each other. The results in
equations (2.78), (2.82) and (2.84) have been rewritten in such a way that the cancellation between
real and virtual contribution is manifest, once a physical quantity is computed. This means that
we can introduce an intermediate cutoff, in close analogy to the one-loop case, to regulate these
singularities. With a cutoff in place, the angular integrals can be evaluated in d = 4. Of course,
this introduces an additional dependence on the cutoff. To ensure that the final result is cutoff-
independent, it is necessary to lower the cutoff gradually until the result no longer depends on the
precise value. In practice, this procedure is very delicate due to large cancellations.
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2.6.3 Change to the MS scheme

In the previous section, we have presented results for the two-loop anomalous dimension in (2.78),
(2.82) and (2.84), keeping the angular integrals in d-dimensions. Since keeping these d-dimensional
integrals would be unconventional, we also showed that these collinear singularities manifestly
cancel for physical quantities. As a result, we transition to d = 4, therefore allowing us to carry
out subtractions in the usual MS scheme. Using the MS scheme introduces additional terms in the
anomalous dimension. To see this, we show that the renormalization condition (2.58), which can
be written explicitly as

1 A
sren() — g() ir(l)(@l’ (2.85)

s — g2 _ 8—12 [r<1)®r<1>®1 + 2ﬂor<1>®1}
€

1 . .
- [1“(2)@1 +orMggren) 4 4508““1(1)} : (2.86)
€

differs from standard minimal subtraction. We will demonstrate this explicitly for the one-loop case,
i.e. by calculating (2.85) for two-jet cross sections. The result for the bare soft function can be found
(2.46). The most compact way of writing the result is to use harmonic polylogarithms (HPLs)
,,,,, a, (7) introduced in [194], a MATHEMATICA implementation can be found in [195,196]. The
bare one-loop soft function can be expressed in terms of these HPLs

2e

H 2

§i'=acr < 7 ) { o) 4 9r_y(r) — Hoolr) — = +O(9)] . (2.87)
8Q € ' 6

with r = §2. To obtain (2.87) we used the energy constraint 8(QS — 2E}). In the MS scheme we

would simply drop the pole. However, this is not the same as (2.85) dictates since we also obtain

higher-order terms in € in the counter-term

,711(1 :,,ZT T/dQ W Oout(n4)
(i5)

H 2
= —ACF [ 06( D om, (r) = Hoo(r) = <+ O(€) | - (2.88)
This subtraction removes finite terms as well and is, therefore, not a minimal subtraction. The
renormalized soft function in this unconventional scheme is
S5 = 8Cp Ho(r) In —— (2.89)
2 5@
To transition to the standard MS subtraction scheme, we need to carry out subtractions in (2.85)
using angular integrals in d = 4. To achieve this, we divide the angular integrations into two parts:
an integral in d = 4 plus a remainder. Following the notation introduced in [123], we write

r'Mé1 =rMay1 +2e1M&, 1, (2.90)

where the symbol ®- denotes the two-dimensional angular integral in pure d = 4, whereas ®.
stands for the remainder. A factor 2¢ has been factored out in the remainder term for convenience.
The adapted one-loop renormalization in (2.85) reads now

_ 1
Sren(l) — 8(1) _ i:[1(1) ®9 17 (291)
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where 8"V is the one-loop soft function renormalized in the MS scheme. In comparison to
the previous result in (2.88), the counter-term is now precisely —2Cp Hy(r) for the two-jet soft
function so that it exactly removes the pole. In comparison to the prescription used in (2.85), this
corresponds to a finite shift

Sren(l) — Sren(l) _ 1-\(1) @ 1. (292)

At two loops, changing to the MS scheme not only shifts the renormalized function by a finite
term, but also modifies the expression for the two-loop anomalous dimension.

~ 1
Sren(@) _ g(@) _ = {ru) 99 TV @, 1 4 28,0 @, 1]
1. ~ i}
-4 {1“(2) © 1+ 2T @, SrenD) 4 4505“’“(1)} , (2.93)

where the two-loop anomalous dimension in the MS is given by [123]
I ©,1=T® g,1—-28T"V g, 1— (Fu) 2, T @, 1-TW g, TO &, 1) ) (2.94)

To obtain the additional terms in the anomalous dimension, it is necessary to rewrite the d-
dimensional integrals in (2.86) in terms of 4-dimensional ones and to replace 8™ according to
(2.92). It is noteworthy that the second term in (2.94) has the form of a commutator involving
angular integrations related with the two emissions. While this piece vanishes for uncorrelated
emissions due to their symmetry, the non-global two-loop part contributes since it involves one
gluon outside and one inside the jet-cone regions. In the latter case, the contributions arising at
O(e) in the angular integrals are different such that a non-vanishing contribution survives.

The final result of the two-loop anomalous dimension, as shown in (2.94), in combination with
its components T = dy, +rm + U, as provided in equations (2.78), (2.82), and (2.84), and
calculated using angular integrals in d = 4, is the final expression for the anomalous dimension in
the MS scheme. Furthermore, because we can evaluate anomalous dimensions in four dimensions,
this form is also suitable for numerical implementation. In the following we will drop the bar and

write T2,

Since the extraction of the two-loop anomalous dimension is very delicate and involves a lot of
subtleties, a strong consistency check is necessary to validate the final result (2.94). In [95], the
bare two-loop soft function & (2) has been calculated for the pure dijet case so that it has been
explicitly verified that the anomalous dimension indeed renormalizes the divergences according to
equation (2.93).

2.6.4 RG evolution at LL and NLL accuracy

Starting from the factorization theorem (2.11), stating that the cross section for jet production
including a veto on radiation factorizes into hard H,, and soft §,, functions, we obtained RG
equations for the hard functions in (2.55)

d

M Hon(pn) = = > Hi(n) Tim (1) (2.95)

l=mg

where the dependence of the hard functions H,, on the direction {n} and the center-of-mass energy
@ is implicit. These coupled differential equations are governed by an anomalous dimension I'j,,
which has been extracted up to two loops and presented in the previous sections. In this section,
we will outline how to solve the RG equations perturbatively to resum the large logarithms.
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Despite the fact that solving the RG equations is challenging because the anomalous dimension
matrix involves an arbitrary amount of Wilson lines, one advantage of our effective field approach is
that there is a clear prescription of the necessary ingredients to reach a given logarithmic accuracy.
For instance, at LL accuracy, we need the leading-order contribution to the hard function with
mg legs as well as the one-loop anomalous dimension, the leading-order soft function 87(7?) =1
is trivial. In order to capture terms beyond LL accuracy, matching corrections and subleading
contributions due to the running are also necessary, the latter are driven by '),

To perform the resummation, it is necessary to solve the RG equations iteratively to evolve the
hard functions from pp ~ @ to the scale us ~ Qg associated with soft emissions. The formal
solution to the RG equations is given by a path-ordered exponential of the anomalous dimension

dp

Ho (1) U (. 1) = Hoa(j1n) P exp [ / “"'M r] . (2.96)
s 2m

We insert the expansion of the anomalous dimension I' in the exponent so that we get

, t
/MCL,LLI, :/ dt <r<1> L sim) s <r<2> _ Blr“)) +> 7 (2.97)
o " s Bo

where we introduced the evolution time t = t(uy,, 1s) = ﬁ In (gél’jh))) We point out that once
iy, has been fixed, for instance u;, = My, the mapping ps +— ¢ is unambiguous. The two-loop
coefficient of the S-function 81 = 33—403‘ — %C’ATF ngp —4CpTrnp is a remnant of the running of
the coupling. The first term in (2.97) does not depend on ¢ so that we can directly perform the
integration and obtain the LL evolution factor

Ui(to,t) = Pexp[(t - to)F“)} L (2.98)

which is the leading term in (2.96). The integrand in (2.97) is of the form T'™) + AT where the
second term AT is suppressed by ay. Therefore, most of the evolution will be driven by I'®) so
that it seems natural to use the interaction picture Hi (t) = Ho(t)Uas(t, to). The corresponding
differential equations for the hard functions are

d m
THn = > A (Ulz/(to,t) AT ()1 Uk/m(t,to)) : (2.99)

l:mo

where the superscript specifies the interaction picture. We can immediately solve this equation to
first order in AIL'y/ (t/)

¢

%fn(t) = HQ(tO) |:1 +/ dt’ Ugl/(to, t/) AT (t,) Uk/m(t/, to):| s (2100)
to

where we have set mg = 2. The hard functions at the initial time ¢y, which corresponds to the

hard scale pi, are the same in the Schrodinger or interaction picture, i.e. Ha(to) = Ha(to). By

using M1 (t) = Haq(t)Uas(t, to) we can also obtain the solution in the Schrédinger picture

Hm(t) = %Q(to) UQm(tO, t) + %Q(to)AUQm(to, t) + - B (2101)

where the NLL correction is denoted by AUy (tg,t). To reach NLL accuracy, we augment the LL
evolution with exactly one insertion of the two-loop anomalous dimension I'®). This is sufficient
to capture the effects of RG running at two loops. We denote this insertion by

t s tl
AUy (to,t) = / dt’ Ukk/(t07t’)~&)<1“§jg/ - @r,ﬁ%ﬁ,) U, (1), (2.102)
to Ar Bo



2.7. Summary 33

where a(t') = a,(up)e?t. In short, this means that we start a LL evolution Uy (tg,t') which
runs from ¢ until ¢, where we evaluate all contributions in I'®), together with a [;-correction
to the running of the coupling, and then restart a LL evolution. We emphasize that we need to
make an insertion at every possible intermediate time between ¢y, and ¢. To obtain results at full
NLL accuracy, it is necessary to include matching terms as well. More precisely, we need one-loop
corrections to Ha, the tree-level result for H3 and the one-loop soft functions S,,,. These O(asy)
corrections have been calculated perturbatively in the previous sections.

2.7 Summary

In this chapter, we have investigated jet cross sections. More specifically, we derived a factorization
formula for the annihilation of an e™ e~ -pair into two jets which carry most of the radiation in the
process. As a consequence of radiation being restricted in certain regions of the phase space, a
very intricate pattern of logarithms arises — the so-called non-global logarithms or NGLs in short —
which are ubiquitous in jet cross sections. The factorization theorem states that the cross section
for wide-angle jet cones factorizes into hard and soft functions

7(Q,Q0) = Y (Hm({n},Q, 1) @ Em({n}, Qo, 1)) (2.103)

m=2

To establish the validity of this factorization formula, we calculated the full set of NLO corrections
to the hard and soft functions to explicitly show that we indeed reproduced the cross section
obtained by Sterman and Weinberg. The inclusive cross section depends on logarithms In % and
these become large for disparate scales and might overpower the suppression by the coupling, i.e.
as - L ~ 1. To obtain reliable prediction, it is necessary to resum these logarithms in RG-improved
perturbation theory. Starting from the factorization theorem we can derive a set of RG equations

m

e Hon(Qoi) = = 3 H Q) T Qo) (2.104)

l:mo

which are coupled differential equations. The natural way to perform the resummation in our
effective field theory approach is to solve the RG equations and thus resum all the logarithmic
contributions to all orders. The anomalous dimension matrix I';,, is a matrix in the space of
particle multiplicities and has been extracted perturbatively up to and including two loops. The
extraction is done by considering soft limits of hard amplitudes. At one loop, there are both virtual
and real contributions to the anomalous dimension

R, =—4 Tz‘?LTﬁR Wz% Oin(ng) »

(45)

2
V=2 (T T +Ti,R'Tj,R)/[d Q] Wi
(45)

—in Y 2[Ti - Ty — Typ - Tjg) ;. (2.105)

(i5)
The real corrections generate an additional hard particle, promoting the particle configuration
from m to the m + 1 particle configuration. As a consequence, the anomalous dimension is an
infinite dimensional matrix in the space of particle multiplicities. This structure is significantly
more complicated than the evolution equations for event shapes such as thrust. For global event
shapes, the amount of Wilson line operators generating soft emissions is constant, e.g. for dijet
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event shapes there are exactly two Wilson line operators along the jet directions. In the present
case, we need to dress every additional hard particle inside the jet cones with a separate Wilson
line. This multi-Wilson line configuration becomes quite intuitive in the context of wide-angle jets.
In such cases, the angular separation between energetic particles inside the jet cones is sizable and
similar to the typical angle of soft emissions. As a result, soft emissions resolve individual energetic
partons within the jet, which means that it is impossible to collapse all these Wilson lines onto a
single one. The two-loop anomalous dimension is decomposed into three different types of entries,
which we refer to as double real d,,, real-virtual r,, and double-virtual v,,

dm = Z ifabc (E?LTJ{),LTI;R - E?RCI?),RTI;L) Kijk;qr‘gin (nq)ein (nr)
i,7,k
-2 Z IwifL"ijRKij;qrein (nq)ein (nr) y (2106)
(i5)
rm = =2 Y AT T RTE g — TERTY L TE L) / [@*Q] Kijkiqrfin(ng)

i (k)
- S {5 o) + o) —2 [0 Ky 0t

(i5)
+8im Y Y if (TP TE R T g + TERTE LT L) W In W 0i(nyg) (2.107)

i (k)

Um = Z ifabc (L?LT;),LTICC,L - E?RT?,RTI&R) /[dQQq] /[d29r] Kijkiqr

(ijk)
1 cus
+y 3 (T2 T}, + TRTS ) / [d*Q,] W [480 m(2W) + "]
(i5)
s 1 a a a a cus
—im ) B} (T2, T3, — TR Ty ) iy ™ (2.108)

(i)

Similar to the one-loop result, each time a real emission is involved, the particle configuration
changes. The two-loop anomalous dimension represents the key element to achieve full NLL accu-
racy. We have written the different parts of the two-loop anomalous dimension in such a way that
the collinear singularities manifestly cancel so that we can evaluate the angular integrals in d = 4.
By expressing the anomalous dimension in the conventional MS-scheme we also need to take into
account additional contributions due to e-terms in the angular integrals of the iterated one-loop
corrections. Finally, the anomalous dimension in the MS scheme is given by

P 2,1 =T® g,1-28,TV e, 1— (r(1> 2, T .1 -TW @, TW @, 1) . (2.109)

In general, the solution of the RG equations is very complicated. This is not surprising since one can
show that in the large- N, approximation, the RG equations at LL are in one-to-one correspondence
with the non-linear BMS equation [84]. It is quite remarkable that linear RG equations can capture
this very intricate pattern, in particular, even at subleading accuracy. We have written the solution
of (2.104) as an expansion

Hm(t) = Hg(to) Ugm(to, t) + Hg(tQ)AUQm(tO, t) + -, (2.110)

where the first term Uy, represents the LL evolution and the second AUs,, captures corrections to
the running. Combining one insertion of the two-loop anomalous dimension with matching correc-

tions guarantees NLL accuracy. MC methods are a natural way to implement (2.110) and obtain a
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resummed prediction since, analytically, it is not possible to solve (2.110). In the next chapter, we
will present our parton shower framework specifically designed to solve the RG equations (2.104)
according to (2.110).



Chapter 3

Implementation in MARZILI

In the previous chapter, we have shown how jet cross sections factorize in et e~ collisions involving a
veto on radiation outside of the jet cones. Following (2.11), the hard radiation, which is constrained
inside the jet cones, and the soft radiation, which is essentially unconstrained as indicated in Figure
2.3, are separated and can be calculated independently. We also argued that an intricate pattern
of NGLs arises in such cases. These logarithms cannot be resummed by analytical methods, but
Dasgupta and Salam showed in their original paper that the leading NGLs can be captured by
using an angular dipole shower [82]. Parton showers are typically constructed using a Markovian
algorithm, which probabilistically transforms an n-parton state into an n + 1-parton state. By
iterating this procedure from an initial configuration, one obtains events with multiple partons.
This is how the shower reproduces emissions across disparate scales and eventually resums large
logarithms. Traditionally, this approach is based on factorization properties of QCD amplitudes.
On the other hand, in our effective field theory approach, we need to solve RG equations for the
hard functions

m

l:mo

where mg is the number of partons present in the Born process. By solving (3.1), we evolve the
hard functions from an initial hard scale uj, where they are free of large logarithms, down to the
soft scale pg which corresponds to the natural scale of the soft functions, i.e. the scale where the
soft functions are free from large logarithmic contributions. Since the anomalous dimension I' is a
matrix in the infinite space of particle multiplicities, hard functions H; mix under renormalization.
As a result, solving (3.1) is complicated, but in the previous chapter we have written the NLL
solution (2.110) to the RG equations in a way that is suitable for numerical implementation. In
this chapter, we will show that (3.1) can be transformed into recursive equations, which can be
solved iteratively by applying parton-shower MC methods. At LL accuracy in the large-N, limit,
our approach is equivalent to the one of Dasgupta and Salam. Since our approach is based on
effective field theory techniques, one of the main advantages is that the ingredients needed to
systematically improve the logarithmic accuracy are clear. While matching corrections have been
implemented in [107], in order to resum the full set of NLL corrections, one insertion of T'?) is
necessary. In this chapter, we introduce MARzILI (Monte-cArlo for the RenormaliZation group
Improved calculation of non-global Logarlthms), which is a parton shower framework extending
ngl-resum [108] beyond LL accuracy.

This chapter is organized as follows, in Section 3.1 we present a pedagogical example of a
toy-model RG equation to illustrate the numerical methods. In 3.2, we will explicitly show the

36
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relationship between RG evolution and parton shower MC and then present the LL implementation
within MARZILI in Section 3.2.2. Section 3.3 is dedicated to the contributions arising at NLL
accuracy. In particular, Section 3.3.3 is concerned with the implementation of I'® in MARZILL
To validate the results obtained using our parton shower framework, we compare our results to
GNOLE and PanScales in Section 3.4.

3.1 Toy-model RG equation

To explain the numerical methods we use to solve the RG equations in (3.1), we first study a toy
model as a pedagogical introduction. We will consider the following first-order ordinary differential
equation for a function H ()

Dy = - (r“) +Ar® (t)) H(t), (3.2)

dt toy toy

where the constant FEQ

Arﬁii(t) = at is the subleading contribution, respectively. We will assume that a is a small

is the leading contribution to a fictitious anomalous dimension and

parameter to expand our solution perturbatively in a. By separating the variables, we can directly
integrate (3.2) and obtain the analytical solution
(1

H(t) = H(O)e—tFEi§—%at2 = H(0) e_trmi 1-— %atz + 0(042) ) (3.3)

(2)

toy and expanded the solution in a. We will now solve (3.2)

where we used the specific form of AT’
order-by-order numerically. While it is easily possible to solve (3.2) numerically using methods
such as Runge-Kutta [197,198], we will adopt a MC approach that can be generalized to solve

(3.1). The leading contribution to the solution in (3.3) is given by

~ e
Hi, (t) = ng, . HLL(t) = H(O) F‘(Séz’ e tleoy s (34)
where we multiplied by F&; for convenience. We interpret fot at’ ng N = s

probability. In other words, we can obtain the numerical solution for Hyp,(t) by repeatedly drawing
random numbers z € [0, 1] and inserting the corresponding weight w = 1 into a t-histogram

(
ety =2 & t= —F(%) In(z). (3.5)

toy

A pseudo-code is provided in Listing 3.1. We show numerical results in Figure 3.1. We can see that
2
1(:0;7
we use a simplification from (2.102). Since we assume that « is small, the subleading correction

(2)

toy

the numerical and analytical results are in good agreement. To include corrections due to AT’

can be obtained by exactly inserting AI';.. once

(2) (4

VENeH) AFO(L‘) D ™

t me} 1:(71}]) [FEO;€ (t—t )Ft,oy:| . (36)
toy

t
HNLL (t) = Fg; . HNLL (t) = H(O) / dt, [Fé(l); €
0

The interpretation of (3.6) is straightforward. We first carry out a LL evolution, as indicated by
the first term inside the brackets, then we evaluate the correction before we restart a LL evolution
according to the second bracket. We provide pseudo-code in Listing 3.2. The results for the

subleading correction are shown in Figure 3.2. We see a good agreement between the numerical

and analytical results.
(2)

It is also possible to recover numerically the full result of (3.2) by inserting AT'{¢

multiple times.

. L . . AT (to .
In practice, we repeat the combination of a LL step with a subsequent evaluation of # until
toy
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the total time ¢ reaches t. In this way, we recover the full result. The result for the exponentiated
result is given in Figure 3.3.

Even though this toy model is much simpler than an actual shower, it offers valuable insights
and illustrates the insertion of the subleading correction between two LL evolutions. While the
LL evolution is trivial for the toy model, notable complications arise in the next section because
we need to take into account additional particles that are generated during the shower evolution,
which may act as emitters. As a result, the shower not only needs to integrate over ¢, but also over
the directions of every additional emission. In addition, the angular functions present in the two-
loop anomalous dimension are very delicate to sample because of their singular behavior around
collinear limits. Therefore, the insertion is particularly challenging.

//start evolution from a certain time tO
t_tot = tO;

//generate time step according to probability distribution

s/ delta_t = time (rand(1));

//update time
t_tot += delta_t;

//insert weight into a histogram at t_tot
w = 1.0;
hist.insrt(t_tot,w);

Listing 3.1: Pseudo code for the leading-order solution to the toy-model. By iterating many times

and averaging over the histograms, we obtain the numerical solution.

//set up the shower
t_tot = tO0;
w = 1.0;

//make first LL step; thereby generating first time step Aty
11(t_tot,w);

//evaluate the insertion weight at t_ins = t_tot + Aty
weight_nll = deltagamma2(t_ins) / gammal

//make second LL step; here we insert the nll weight
11(t_ins ,weight_nll);

Listing 3.2: Pseudo code for the pure NLO correction to the toy-model. By iterating many times
and averaging over the histograms, we obtain numerical solutions. More precisely, the histogram
filled by 11(t_tot,w) yields }AILL while the histogram obtained from 11(t_ins,weight_nll) is
the NLO contribution fINLL.




3.1. Toy-model RG equation

39

3.5

3.0 1

2.5 A

2.0 A1

LL(t)

= 1.5 A

1.0 A

0.5

0.0

— MC
—— Analytic

Toy — RG model

r') —3 HO)=1

toy

0.0 0.5 1.0

Figure 3.1:

Numerical result for Hyr, (t).
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Figure 3.3: Numerical result for ngz, -H(t). We find for this particular example that the subleading
corrections are, in general, small in comparison to the leading contribution, see purple dashed line.
As a result, the exponentiated result is almost indistinguishable from Hyp, + Hniy-
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3.2 Reformulation of RG evolution as a parton shower

In this section, we will investigate the relationship between the RG equations for the hard functions
H., and parton shower algorithms. Eventually, we will see that these a priori totally different
concepts are very much intertwined since the solution to the RG equation can be formulated as a
parton shower algorithm [106].

We will first focus on the RG equations at LL accuracy since we explained in Section 2.6 that
subleading corrections to the running, which are driven by I'®), can be taken into account as a
perturbation. The virtual entries Vj, sit on the diagonal of '), while the real contributions R,
are located just above the diagonal elements, as shown in (2.57). Taking into account this specific
form, the RG equations (3.1) simplify to

d
% H’rn(t) - HT}'L (t) ‘/trn + H?n—l(t) Rm—l 5 (37)
where we changed variables from p into t-space, see below (2.97). The homogeneous part of this
differential equation is given by an exponential. The full solution is obtained using variation of the

constants as

t
Hon(t) = Hon(t9) 7OV 4 / A Hopy1 () Ry €V (3.8)

The interpretation of this result is straightforward. We evolve from a starting time ¢y to a (later)
time ¢ either without any emission, which corresponds to the first term in (3.8), or by starting
from an m — 1 particle configuration and applying R,, at time ¢’ which generates an additional
emission. This is typically how parton shower algorithms are presented. We point out that the
factor e(t=t)Vim is usually referred to as the Sudakov factor in parton shower jargon. However, in
our case the term is not fully appropriate since our problem is single logarithmic. The connection
to parton showers becomes even more apparent when writing the solution to the RG equations
iteratively. Starting at the high scale i, which corresponds to ¢ = tp, only the hard function H,,,
is present, since all hard functions #; with I > my are supressed by al~™0. The hard function
H o, (to) is free of large logarithms for this scale choice. By using (3.8) iteratively, we generate an
entire tower of hard functions at higher multiplicities, here for t5 = 0

Hi(t) = Hi(0) e™vr,

t
Hita1(t) = /o dt' H, (1) Ry e =1Virr (3.9)

t
Hiqo(t) = / At Hpyr (1) Rypyy et Vesz
0

This shower of successive emissions transforms the entire system from k particles at the hard scale
1 to a multi-parton state m at the low scale pg. This is precisely how the LL evolution Uy, takes
place. To get the resummed cross section, we evolve to the appropriate value of ¢t. In practice,
this is determined by the shower time associated with the scales puj, and ps. The LL result for the
cross section is

oLL(Q, Qo) = Y (H

m=k

= <7'Lk(t)+/d7m%k+l /dQl /LQQ’HHZ ) (3.10)
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where we have taken into account that the leading-order soft function is trivial S,, = 1. The
angular integrals over the directions of the additional emissions, which are generated while show-
ering, have been written out explicitly in (3.10). To obtain a resummed cross section, we need
to integrate both over the angles of the emissions as well as over all possible times. Since it is
challenging to perform the angular integrations for an increasing number of emissions, we resort to
numerical MC methods. There is a second challenge in that directly implementing equations (3.9)
is currently out of reach because the hard functions and the anomalous dimension are matrices in
the color space of the involved partons. This space grows very rapidly with an increasing number
of emissions, therefore performing the color trace is complicated. While there is progress to include
subleading color effects in parton showers [88,113,199-207|, numerical methods are numerically
very demanding. In this work, we will use the large-N, limit. At large N, the amplitude corre-
sponds to a set of color dipoles. Effectively, in this construction the emissions only arise between
neighboring legs and we use the simple rule

J_> 2

“6i 411, (3.11)

to replace the scalar product of color generators. Inserting (3.11) into the one-loop anomalous
dimension, we obtain

TLij

R,, = + 4N, Oin(ng) = ANWE 030 (n,) (3.12)
NigMjq
qu q9 — 2 q

in the large-N. limit. For each loop or additional real emission we add a factor of N.. When the
real emission operator R,, acts on the amplitude, e.g. by acting on the legs ¢ and j, and increases
the number of legs, the corresponding dipole (ij) is split into two new ones. It is evident that
individually both R, and V,, suffer from collinear divergences. Even though these singularities
cancel in physical observables, they need to be regularized separately in our shower since according
to (3.8) we exponentiate the virtual corrections. Perhaps the most natural way to regularize the
collinear singularity is by imposing a cutoff in the laboratory (LAB) frame through

Wi = W 0(ng - ni — X*) 0(ng -nj — A?), (3.14)

both in V,,, and R,,. However, as we will see in the next section, it turns out to be numerically
more advantageous to impose a cutoff on the rapidity ¢ in the center-of-mass (COM) frame of the
dipole (zj).

In this section, we have shown that the solution of the RG equations (3.1) is a parton shower
algorithm, which is quite fascinating given the fact that we started our analysis from a completely
different perspective. Even though this is not a general-purpose shower, we are guaranteed to
obtain the correct pattern of (non-global) logarithms for a specific class of observables since we
numerically solve RG equations which has been obtained from a factorization theorem. We would
like to emphasize that our non-global shower (3.9) differs in some important aspects from standard
Monte-Carlo showers. For instance, unlike general-purpose showers, we do not conserve momentum
because we assume the radiation to be soft so that we systematically expand away small momenta.
In addition, since the evolution naturally generates logarithms of the energy, it is only necessary
to generate new directions for real emissions. In the next section, we will carefully outline the LL
implementation of our MC procedure in MARZzILI. We will follow closely [106,108].
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3.2.1 Details of the LL implementation in M ARZILI

Starting from the iterative solution (3.9) of the RG equations, we will carefully derive a MC
algorithm in this section. However, before doing so, we need to specify the collinear cutoff we are
using to regulate V,, and R,,. The angular integrals I (A, n;,n;) involving a cutoff take the form

I(A, i m ) :/[dZQQ] n;

. nzq nq]. - Ocutoft (i, Nj, Mg, A) (3.15)
where we specify the collinear cutoff A2 = 1 — tanh(,) in terms of a rapidity 7.. The function
Ocutoft (113, Nj, ng, A) dictates the form of the cutoff, e.g. to put small cones around the particles ¢, j
in the LAB frame we would use Ocutoft (ni, 15, ng, \) = 0(ng - n; — A?) 0(n, - n; — A?). To compute
(3.15) it makes sense to transform into the COM of the (ij)-dipole since the integrand becomes
constant

27 dA 00 . R
I(>‘7M) = /O 21;;1/ dyq chtoﬁ(yq; )\)7 (316)

where M? = 2n; - n; is the invariant mass of the dipole system (ij), 8 = /1 — M?/4 and the
cutoff in the COM frame Ocyiofr (¥4, A). The new integration variables are the azimuthal angle ng
and the rapidity 9, of the emission n, in the COM frame. We impose a cutoff only on the rapidity
1Jq so that the angular integral becomes

27r 2
¢q / M4(1 — tanh yq) 9
M) dyj, 0 —
I, / 4(1 — Bsechyy,) A

2 Ymax
:/ d(’bq/ dfy = 2Ymax , (3.17)

Ymax

where ymax = In (B + \/m) with a = (M? — 2)2?)/(2)\?). For a back-to-back configuration
M? = 4 and the maximum simplifies t0 Ymax = 7. We point out that the choice of the collinear
cutoff is not unique. The cutoff introduced in (3.17) is the one used by Dasgupta and Salam in [82]
and turns out to be numerically efficient.

A fundamental ingredient of our shower is a list of m vectors {n} = {ni,n;y,...,ni,,_,,n2}
describing an event E at time ¢ with weight w. This list of vectors defines color dipoles with which
we associate a virtual correction

Ve = Vl’il + Vll 2 -+ Vtim,fz? ) (318)

where we use
‘/ij = /[d2Ql = 4N, / d2Ql cutoff(yh)\)y (319)

with (3.17) to evaluate V;;. We note in passing that while V;,, is negative, the quantity V;; is
strictly positive. The time steps in our LL shower are computed according to the distribution

Pu(At) = Vge VP8¢, (3.20)

after which an additional parton is generated and added to the event. We will use a shorthand
notation P,, to denote a probability distribution corresponding to an event E with n partons.

To present the MC algorithm, we will work with the concrete example process of the interjet
energy flow in ete™. In this case, the leading-order hard function Hsz (o) involves two back-to-back
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partons along the directions n; = (1,0,0,1) and ny = (1,0,0,—1). Therefore, we set k = 2 in (3.9)
so that the resummed cross section takes the form

oL (to,t) = Ha(t) +/[d293} ﬁg(t,n3)+/[d293] /[d2§24] Halt,ng,ng) + -+ (3.21)

where we have changed the normalization for the cross section o (to,t) = %O’LL(Q,Q()) and
analogously for the hard functions H,,, as indicated with the hat. The first term ﬁm is a purely
virtual contribution since no additional particle is created during the evolution from tg = 0 to
t. By changing the normalization, i.e. multiplying with V5, we re-interpret the hard function in
terms of a probability density

Ha(t) = Pa(t) = Vige V2, (3.22)

because the integral [, dt Hy(t) = 1. According to (3.22), Ha(t) is the probability that no emission
is produced during the evolution. The second term H3(¢) in (3.21) involves exactly one emission.
More precisely, ﬁg(t) corresponds to the situation where the initial two-particle configuration
evolves until ¢, at which time a new particle is created along the direction ns. After this emission,
the three-particle system evolves further to ¢, without any additional emissions. Concretely, we

obtain
Hs(t) = /dt Fa(t') Rl e~ -0Vs
0
R3, Vi
/0 ' Pa(a) 2 72 Pa(at), (3.23)

where the virtual part involving the new emission is V3 = Vi3 + V3o according to (3.18), At = ¢
and At' =t —t'. To get from the first line to (3.23) we introduced some factors to retrieve an
emission probability P3. We call the factor Rl; Y2 the weight of the emission. In practice, we
insert this weight into a t-histogram and continue the evolution according to P3. The next term
in the evolution is 7—A[4 (t). Previously, there was only one dipole capable of emitting a new particle.
However, with three particles present, there are now two dipoles that can emit, resulting in the
hard function H,(t) having two components

o~

Hy(t) =HO ) + HP (1) (3.24)

The first term ﬁfll)(t) in (3.24) arises due to an emission from the dipole formed by n; and ns,
while ﬁf)(t) corresponds to inserting a new parton between ns and ns. In fact, starting from
7/-24(t), every hard function is a sum consisting of all the possible dipoles that could generate an
emission. To rearrange (3.24) in a similar way as (3.23), we insert some factors and rearrange them

t
_ / dt" Hs (t//)
0

where V4(1) = Vig + Vaz + Vaq, ‘[4(2) = Vis + Va4 + Vig and At” = ¢t — t””. In comparison to

(3.23) additional factors ‘% and ‘% emerge. A smart way of implementing (3.25) is to use the

accordingly

%@ Vs ( " R;%?@ Vs (2)(At”)

3.25
Vig V3 V(l) Via V3 V4(2) ‘ 7 (3.25)

probabilistic nature of the factors present in the integrand. To be specific, we consider the first

term

75(1) " ' E@ Vs (1) "
AD () = /Odtﬂ()vgvlw(lm (ALY (3.26)
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Note that both V13 < 1 and (1) < 1 using the collinear cutoff in the COM frame. This means

that in order to evaluate this 1ntegral we can interpret ‘% as the probability of choosing the dipole

formed by n; and n3. Once we have chosen the dipole, we generate an additional emission along

the direction n4 to which we associate the weight w = @” To 1mplement the factor (1) we throw

a random number z and throw the event away with if z > oy . As we argued at the begmnmg of

this section, it makes sense to generate the new emission in the back-to-back frame of the dipole.
Since the shower will be integrating over all possible directions of the emission, this means that we
will integrate R,

/ [020] R Ocutort (9, V) (3.27)

with the collinear cutoff which is exactly the same as for the virtual term V;3. Changing variables
according to (3.17), the weight w becomes constant and we obtain unweighted events, which is a
great advantage from a numerical point of view. Moving to higher multiplicities, i.e. ﬁs(t), 7:26(15)
etc., no further complications arise and the algorithm outlined above can be used. A pictorial
representation of our shower can be found in Figure 3.4. Once the shower terminates, which is
indicated by the final soft emission entering the veto region, we restart another shower with the
same initial partons described by leading-order hard function Hz(to). By repeating this procedure
numerous times and averaging over the outcome, we obtain a numerical result for the resummed
cross section (3.21).

As explained at the beginning of this section, once a dipole (ij) has been chosen according to
a certain probability, it is very convenient to evaluate (3.15) in the COM frame of the dipole. To
construct the boost for the massless particles, we rely on the Lorentz transformation [208]

Ab(n,n) = o — EA’LA (3.28)
with A, = n, — n, being the difference of two light-like vectors n, and 7,. The Lorentz
transformation (3.28) is a rotation? together with an inversion @ — —7. One easily verifies
that A%(n,n)n” = a#, so the transformation maps n, — n,. Furthermore, we point out that
ABAY = 0} and det(A) = —1. In order to construct the boost of two arbitrary light-like vectors
along n; and n; into a frame in which these momenta are back-to-back along the z-axis, we will
apply A% three times. Starting from n; and n; in the lab frame (see Figure 3.5, top), we first rotate
the dipole such that its total three momentum n; + n; points solely along the y-direction (Figure
3.5 bottom). Then, we rotate the dipole around y so that it aligns back-to-back with the z-axis
(Figure 3.6, top), and finally, we boost along into the center-of-mass frame (Figure 3.6, bottom).
We will outline the construction in more detail in the following. The first and second steps are
both carried out using a rotation according to (3.28). To get to

= (1707ﬁa %) 9 (329)
= (17Oaﬁa _%) ) (330)

with M = 2n; - n; and 8 = /1 — M?2/4, we first rotate the sum of the directions of the dipole
n; +n; onto the y-axis using

r1 = A (ng +ng,nj +nj). (3.31)

2Qnly if n® =70
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Y

Figure 3.4: Pictorial representation of the LL shower. Black lines represent the initial hard partons
in H2(to). Blue lines denote hard emissions inside the jets generated by the shower evolution. The
red line depicts a soft emission into the veto region, which terminates the shower.

The next step is to apply a rotation around the y-axis such that the z-component vanishes and we
obtain alignment with the z-axis. This is achieved using

rg = A(r1-ni,nj) . (3.32)

Applying succcesively the rotation matrices r; and ro we obtain n, = ry - ri - n;, respectively
n; =ry - 71 - n;. Finally, we apply a boost along the y-axis to transform n/, n; into the center-of-

mass frame,
f; =4 (1,0,0,1) =b-n}, (3.33)
ny =40(1,0,0,-1) =b-n}, (3.34)

again using (3.28) to construct the specific boost b = A(n; + nj,7; + 7;). In conclusion, we can
write the transformation L from the lab frame into a frame where 7; and 7; are back-to-back and
aligned along the z-axis as the product

L:b~T2'T1, (335)

for massless particles. In practice, we directly generate the new emission 7, in the back-to-back
frame of the emitting dipole and then transform the emission back into the lab frame, i.e. n, =
L1 -ﬁq with L=t = ry-7r9 - b.
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Figure 3.5: Upper figure: Dipole in the lab frame. In blue we denote the directions along n; and
n; while in red we show the direction of n; + n;. Lower figure: Applying the first rotation 71, the
red arrow is aligned with the y-axis.
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Figure 3.6: Upper figure: After rotation ro the dipole is aligned with the z-axis. Lower figure:
Back-to-back configuration of the dipole after applying the boost b.
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3.2.2 Qualitative discussion of NGLs

In this section, we analyze the numerical impact of NGLs at LL accuracy. To do so, we use the LL
implementation in MARZILI, which is largely based on [106,108]. The observable we will investigate
is the canonical example where NGLs arise, namely the interjet energy flow in ete™ annihilation
into two jets.

To understand the phenomenological implications of secondary emissions into the veto region
that give rise to the NGLs, it is interesting to compare the results with the full non-global structure
versus primary emissions. In this context, primary emissions are soft gluons arising entirely from
the two initial Wilson lines which we associate with the two original hard particles. An illustration
of these primary emissions is given in Figure 2.2. We show results for this comparison in Figure
3.7. We immediately notice two things. First, taking t = 0.05 as a reference value, neglecting non-
global effects overestimates the cross section o(t) by roughly 30%. At higher ¢-values this becomes
even more dramatic. Second, while the green histogram is a straight line (on a logarithmic scale),
the blue clearly is not. As a consequence, we conclude that NGLs do not exponentiate.

The contribution from primary emissions as shown in green in Figure 3.7 can be calculated
analytically. At first order in «ay, the global contribution is due to an incomplete cancellation
between real and virtual corrections

Q AY
W) _ g Qs [Tdp [ /dﬁ  SCWAY
OGgL = SCF e /QO 1 /_A;/dy o = SCF t, (336)

where t = 7= In % + O(a?) includes running coupling effects. To promote (3.36) to all orders is

straightforward since we only need to exponentiate JSI)J

oLL

U%L =exp(—8CrAYt). (3.37)
From our effective field theory point of view, these global logarithms arise directly from S5, while
the NGLs emerge from complicated multi-Wilson line operators. To obtain the global logarithms,
we prevent any additional emission from acting itself as an emitter, which means that we decouple
the one-loop anomalous dimension I'(*) matrix and configurations with higher particle multiplicities
never occur. In Figure 3.8 we show the analytical result in red. The leading global logarithm in
(3.36) can be read off from the NLO cross section onpo in (2.47) or (2.48).

We can also calculate analytically the leading non-global logarithm for the same observable.
This contribution is a two-loop correction and takes the form

oNGL 2m c (o —2A 2
LGk — 4C0pCy |- +4Liy (e722Y) | 12 (3.38)
o) 3
We obtain this contribution directly from (2.51) that arises from a hard gluon emission inside one of
the cone jets, which subsequently emits a soft gluon inside the gap. We have added this contribution
to the global result, see cyan curve in Figure 3.8. We see that including this correction decreases
the global prediction such that around ¢ ~ 0.02 the cyan curve is closer to the all-order result.
However, beyond ¢ = 0.02 the fixed-order result breaks down and it is necessary to include higher-
order terms. As already emphasized previously in this section, since NGLs do not exponentiate,
we cannot naively exponentiate (3.38) to obtain the all-order result.

Let us briefly summarize the discussion in this section. We have implemented the one-loop
anomalous dimension in MARZILI to resum the leading NGLs. To make a numerical implementation
feasible, we expanded the anomalous dimension in the large-N, limit. The results we obtain are
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Figure 3.7: Gap fraction for two different patterns of radiation. The blue histogram represents
the full result, including the NGLs in the large- NV, limit, while the green histogram only takes into
account primary emissions. We also refer to these primary emissions as global, hence the notation
U%;Ii- The lower panel shows the relative comparison between the full result and primary emissions.

compatible with the predictions from the dipole shower by Dasgupta and Salam [82]. Using our
shower, we have carried out a qualitative analysis for the interjet energy flow to quantify the
impact of NGLs. We find that neglecting NGLs overestimates the cross section significantly. When
converting the from the ¢-space to the energy @, we will see in Chapter 4 that the LL results suffer
from large uncertainties from the scale variation. To improve our predictions, we need to extend
our resummation to NLL accuracy. We have presented the analytical ingredients, more precisely
matching correction in Sections 2.3, 2.4 and, most importantly, the two-loop anomalous dimension
in Section 2.6.2. In the next sections, we will carefully explain how each ingredient is implemented
in our framework and then present phenomenological results.
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3.3 NLL contributions in M ARZILI

To extend previous results to NLL, we need to implement one-loop matching corrections and
include the two-loop anomalous dimension in the shower evolution. The perturbative expansion
of the matching corrections was introduced in (2.13)—(2.15). Using this notation we can write the
resummed cross section at NLL accuracy

W = i (M5 ({n1,n2}, Q. pn) ® Unm({n}, s, pn) @ 1)
+ asif:h) Wimg)({m,nz},@uw ® U ({0}, prs, ptn) ©1)
+ asg:m i<7—[gl)({n1,n2,7l3},@,ﬂh) © Uz ({0}, s in) & 1) (3.39)
'+%$Ji:“éw“%WLQ#w®lbﬂwkmww®8$wa%wJ>
*ﬁ;@é%ﬁmnﬁilM)®AUmHﬂﬁmﬂw®1%

where we used that the leading-order soft function is given by the unity 1 in color space. The
first line in (3.39) is the LL result discussed thoroughly in Section 3.2.2. The second and third
lines represent hard corrections, which are discussed in Section 3.3.1, while the fourth line denotes
one-loop correction to the soft function, see Section 3.3.2. Finally, the last line represents the
insertion of the two-loop anomalous dimension, which is the most difficult subleading contribution.
The implementation of the single insertion is discussed in Section 3.3.3.

3.3.1 Hard corrections

In this section, we discuss the implementation of the hard functions derived in Section 2.3 into the
parton shower framework MARZILI. We will start the discussion with the real emission contribu-
tions. We can rewrite the angular integral involving ’Hél) as

R 1 1 2 R
HY ({0}, Q, 1) ® Ss({n}, un)) :/0 du/o dv/o Zfi<7’L:(sl)(u,v,so,Q,uh)S3(uav,soaﬂh)>»
(3.40)

with 83 (u, v, ¢, ) = S s Usm({n}, s, n) ® 1, which is the LL evolution of a hard event with
three particles. We calculate (3.40) by using MC methods. This means that we randomly generate
u,v and ¢, then use these quantities to build the vectors representing the directions of the quark
ng, the anti-quark ng and the gluon ny and dress this event with a shower 33(u, v, @, pbp). In other
words, we run a LL shower gg(u,v, o, up) for the given particle configuration. While this seems
straightforward, at least in principle, the situation is more complicated since the hard functions
’Hgl) are distribution valued and act on a quantity which we do not have analytically. In short,
this means that we cannot simply integrate point-by-point. One way to circumvent this problem
would be to evaluate 33(“,’0, ©, ) on a grid, create interpolation tables and then perform the
integration over u,v and ¢ numerically. Since 33(u, v, @, ip) is a smooth function this approach
works reasonably well. We point out that in the limit v — 0, the quark and gluonic Wilson line
combine, reproducing the same radiation pattern as a single quark, which we write as

lim 83 (u, v, ¢, 1) = Sa (k). (3.41)
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This relation is obvious from a color flow perspective. A disadvantage of using interpolation tables
is that once the phase-space constraints change, e.g. modifying the cone size or more generally
the veto region, the interpolation tables need to be recomputed which is not efficient. As a result,
it seems much more natural to calculate the convolution (3.40) directly within the MC code.
In [107], a slicing method was proposed to calculate the plus distributions numerically. We will
closely follow this approach, in contrast to [148|, where a counter-term is constructed using the
projection-to-born subtraction method [209].

As seen in Section 2.3, the hard functions depend on ¢ functions and plus distributions of the
angles u,v. For the sake of simplicity, we will only consider the variable v to illustrate the slicing
method and disregard (for now) the dependence on both u and ¢. Collecting terms proportional
to distributions in v we write the convolution in (3.40) as

1
# ® 83:/ dv
0

Ad(v) + Bv) + > Ci(v) (m”) ]33(1)), (3.42)
+

v
=0

where non-bold symbols for H and S indicate scalar quantities once the color trace has been
performed. These scalar quantities are the ones relevant for the numerical integration. The function
B(v) is regular in v, so we can directly evaluate it by randomly generating values for v € [0, 1]
and then starting a shower for the given three-particle configuration. Using the relation (3.41) we
can directly evaluate the term proportional to A. In practice, we multiply the LL result with the
constant A. In the slicing method, a minimum cutoff value, represented as vy, is introduced in the
integrals of the plus distributions acting on C;(v) to prevent v from approaching zero. Therefore,
we can calculate the integral of the subtraction term

/01 @ {5’\3(@) _ S‘;} = /1 Ci}—v§3(v) + Invg §2 + O(wo), (3.43)

v vo

where all the remaining terms are finite. Hence, we can use the same MC methods as for the
B(v) case to obtain the first term involving the collinear cutoff vg. The second term contains a
logarithm of the cutoff parameter multiplying the LL result so that we directly combine it with
the constant contribution A. Up to power corrections in vy the cutoff dependence will cancel out
in (3.43). While this slicing method proves to be very useful, there is primarily one drawback.
To reduce power corrections, it is necessary to set the cutoff parameter vy to small values which
leads to large cancellations between the two terms on the right-hand side of (3.43). Since the
cancellation is delicate, this might threaten the numerical stability of the MC integration. Because
of the cancellation, a slicing scheme needs to be implemented carefully. In practice, one lowers
the cutoff parameter vy until the result no longer depends on the cutoff, but before numerical
instabilities arise. To apply this slicing method to the finite parts of (2.33), (2.35), (2.38), we also
need to take into account the dependence on u, but this treatment is exactly the same as shown
above. When applying the slicing method to the plus distributions, we collect (counter-)terms
proportional to 6(u) d(v) and directly combine them with the virtual corrections (2.40) and obtain

(1)

a finite contribution ’H37ﬁnite

2 2
H hiee = —2+ % 412102 — 12Invo + 81n? vy, (3.44)

which multiplies the LL result §2. Since the third region ”H:(;I)H does not involve any singularities,
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no slicing is required. The full expressions for H3 in the slicing scheme are

1 1 27 dSO M
HSI)(U,U,%Q,Mh):/ du/ d'U/ 7CF |:81IIUO—81I1+811’11),
0 0 0o 2w Q

+ 41n (4sin® ) ] d(u) Blv = vo) + F(u,v) 61 = uo) (v = vo) }@in(u,v) ,
v uv

(3.45)

1 1 o _
Hith o Qupn) = [du [ [ 5F CF{G<u, oy 0= o) }emm, o), (3.46)

’ 0 0 0 2 v

1 1 1 2 ng
Hitha(w o0, Qui) = [ du [av [ 52 Cr H(u,0) Ol o). (3.47)
0 0 0

Listing 3.3 shows an example of how we implement these functions.

We would like to point out that (3.45) and (3.46) involve terms proportional to 2 or -L-. Since
we do not use any importance sampling on the variables u, v, the integration suffers from singular
contributions as u, v ~ ug, vg which spoil the numerical integration. To guarantee reliable numerical
accuracy, we need to perform a change of variables in such a way that the integrand is as flat as
possible. In principle, the optimal variables would transform the integrand to be exactly one. In

our case it is not possible to transform analytically the integrand to be one, but we can substitute
t; =Inv to =Inu, (3.48)

so that we eliminate the singular behavior of the denominators near the boundaries. In this way,
the integrand is more suitable for numerical integration and our result is more stable. In practice,

the cutoffs on v and v are given by

Uy = vy = e Mstice—1

: (3.49)

where we set 7gjice = 7)c as default. The cutoff 7. is the rapidity cut imposed in the parton shower
when additional emissions are generated. We find that using 7. = 5 yields accurate results and the
remaining dependence on the slicing parameter is small. However, to test the robustness of the
numerical integration we also run with n. = 8, which is much more time-consuming. We remind
the reader that although the hard functions presented here involve the color factors at finite N,
we eventually take the large- N, limit to be consistent with the parton shower.
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//create array to store the result
let mut res: Vec<f64>;

//fix cutoffs for the slicing

//here we choose etacut the same as in the LL

let
let

v0O = (-1. - etacut).exp();
u0 = (-1. - etacut).exp();

//Monte Carlo

for

_i in 0..nev {

//generate three random numbers

let u,v,phi = rand(3);

//build vectors

let nq = [1, ... 1;
let ngbar = [1, ... 1;
let ngluon = [1, ... 1;

//check thrust-axis and in-constraint

let a: bool; //either true or false

//if a is satisfied, we evaluate the integrand

if a == true {

//evaluate the purely hard contribution
let integrand = hard_func(u,v,phi);

//dress the event with a LL shower
let hardevents = [ng,ngluon,ngbar];

hardevents.llshower () ;

//assemble the result
res += integrand * hardevents.llres() / nev;

} else {

//discard event
continue

//return result

return res;

Listing 3.3: Pseudo code to shower hard real emission contributions.
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3.3.2 Soft corrections

The implementation of the one-loop contributions to the soft function is closely related to the LL
parton shower. Once we start a LL shower, it generates emissions between neighboring dipoles
(ni,n;) using the rapidity ¢ and azimuthal angle (]3 of the emission in the back-to-back frame of
the emitting parents. The hat specifies that a given quantity is in the back-to-back frame. The
shower runs, keeps emitting hard partons, until an emission enters the veto region at which point
the shower terminates. This means that the natural way to calculate

<7—{,§0)({n17n2}7 Q, pn) @ U ({0}, pis, ten) ®S$)({Q}7 Q07M5)> (3.50)

is to start a shower, let it evolve as indicated by Us,, and once an emission is vetoed, evaluate
85,? for the given m-particle configuration. By repeating these steps, we obtain a MC result for
the one-loop corrections. In practice, we evaluate the one-loop soft function as a weight and fill a
histogram.

In the following we express Sg) in a suitable way to be implemented, in close analogy to [107].
Since the one-loop soft function 85,1) introduced in (2.15) depends a priori on a sum of unordered
pairs of dipoles (ij),

as(ps) (1) g2 %€ /ddlk n; - n; o
—_— = — - . . ou _ ,
S ({1}, Qo, €) (%)dl%TI,L Ty | 555w ms 5O o(nk) 0 (Qo — K°)
]

(3.51)
with fi%¢ = (er ﬂ‘;z> , we will take the large- N, limit which is compatible with our shower. In this
limit, only neighboring legs contribute so that we replace

Ne
’I'i,L . T‘ij — 7? 6i7ji1 . (352)

We remind the reader that (3.52) is only true if the particles are already color-ordered. We
restrict the energy of the radiation inside the veto region by using 0(Qo — k%) = 0(Qo — v - k)
with v = (1,0,0,0). To write (3.51) in a way that is suitable for the numerical implementation,
we evaluate the contribution from the (ij) dipole in a frame where the vectors n; and n; are
back-to-back. The explicit vectors are taken as

M M

nf = ?(1,0,0, 1), nl = 7(1,0,0, -1), (3.53)
2 A R N

ot = M(l’ 0,5,0), k = kr(cosh g, sin ¢, cos ¢, sinh §), (3.54)

with M? = 2n; - n; which is the invariant mass of the dipole pair and f = /1 — M?2/4. The
integration momentum k is parameterized in cylindrical coordinates in rapidity. Expressing the
integral in (3.51) in terms of these vectors and expanding the measure in d = 4 — 2¢ we obtain

/dd_le(Qo—’f}-k):QlQ_QE/OOd]%T]%%F_%/OOdQ/ﬂdé (Sinzé)*ég@o_@.k), (3.55)
0 —o0 0

2k0
where 4 represents the d-dimensional surface of the unit sphere. Inserting the dipole factor k%
T
and introducing the auxiliary function f;; (g, ¢)
ko= fi;(9,¢) kr = M(coshy — Beoso)kr, (3.56)
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we can integrate over kp and expand in e. We obtain a soft divergence which we renormalize in
the MS scheme. The divergence is exactly the same as we already obtained in Section 2.4. The
reason we are using a different parametrization here, is because we are interested in the one-loop
contributions with m final states whereas in Section 2.4 we only considered the case with m = 2.
The finite contribution of the one-loop soft function involves integrations over g and (ﬂ which
we perform numerically with the shower since it already generates additional emissions using the
variables §j and ¢. The explicit expression is given by

27 dA .
SU({n}, Qo, j1s) = —4N, / dj / g [m“

G+ In fig(9,9) — 3 1n (4sin? a%)] O (5, 9) . (3.57)

We would like to point out a subtlety concerning the In (4 sin? q@) term present in (3.57), which is
a remainder of the d-dimensional measure. Naively, the azimuthal angle qAS is defined in the back-
to-back frame of the (n;,n;) dipole such that as long as the veto region defined through ©!2k (3, (i))
is symmetric in ¢ we can directly use the randomly generated angle to calculate the associated
weight. However, once the veto region is asymmetric, it is necessary to use a consistent definition
of the azimuthal angle ¢, in both frames. To write the azimuthal angle of the additional emission
in a Lorentz invariant way, we introduce an additional light-like reference vector n, = (1,1,0,0)

in the LAB frame. In terms of this vector ¢4 = ¢4, can be written as

2
(MizNjg + NigNjw — NijNgz)

4niqnjqnmnjx

cos® (fg) = : (3.58)
where the direction of the emission n, is taken in the LAB frame so that we attribute the correct
weight to the event.

This procedure to evaluate the soft corrections is general and also applicable to other processes.
Furthermore, this algorithm is efficient since we can directly obtain the soft contribution from
running a LL shower. Starting from the LL parton shower, the incorporation of the one-loop soft
function at the level of the cross section reads

oo

S () & S) = (Halu)SS + [ T8 + [ G2 [ TS0 + ).

m=2

(3.59)

where H,,,(us) denotes the evolution of the hard function from the initial (hard) scale to the soft
scale. During the evolution, new particles are generated, thereby changing the multiplicity. At the
soft scale ps we evaluate S( ). In (3.57) a veto was imposed on the total energy of the emission,
however, another choice would be to use the transverse energy Fr. In this case, we need to add
an additional term to (3.57)

ni2

;m<m“m“>, (3.60)

where n; and no denote the initial dipole. The soft function is the only ingredient at NLL accuracy
sensitive to the definition of the veto energy Q.
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3.3.3 Two-loop running corrections

In this section, we will present the implementation of the two-loop anomalous dimension T'?) in the
dedicated framework MARZILI. In Section 2.6.4 the result for the two-loop anomalous dimension
in the MS scheme was presented in two pieces I'?) = I'(®) 4 §T'2). The extra piece

ST® = 28,7V . 1 — (r<1> 2. TW g 1-TM g, T @, 1) : (3.61)

involves e-terms in angular integrals, in other words contributions proportional to O(¢) in the d-
dimensional integral measure, as defined in Table 3.1. Our first task will be to evaluate these terms
carefully to make their form explicit and combine them with T'® in the large-N, limit. We find
that the combination of T'® = I'? 4+ §T'® is manifestly Lorentz invariant®, while the individual
contributions T'?) and 6T®) are not. Lorentz invariance is, in fact, crucial for implementing the
anomalous dimension in the shower framework in an efficient way since it allows us to choose an
arbitrary frame to generate the emissions. Secondly, we will precisely explain the insertion of T'(2)
in our parton shower according to (2.102)

t /

ag(t _

AU(to, 1) = / dt U (1, ) - 2210 (v - @r;;g,) Uy, (1,1), (3.62)
to am Bo

alongside with corrections to running of «y, i.e. the ones proportional to 5. Finally, we provide

details about the implementation, e.g. derive the precise insertion weight and explain the different

parametrizations we are using to sample the angular functions Kjj.q, and Kjjx.qr in I'® efficiently.

Calculation of e-terms

Before evaluating the e-terms in 6T'®), we will show that the one-loop anomalous dimension is
indeed Lorentz invariant. The form presented in (2.105) involves pure angular integrals of the

form
/ [d*Qq] W, (3.63)

which seems to violate Lorentz invariance because the measure is clearly frame-dependent. Naively,
one would think that additional terms arise when evaluating this integral in the back-to-back frame
of the (ij)-dipole.

To discuss the anomalous dimension in an arbitrary frame, it is useful to repeat the derivation
of the anomalous dimension in a frame that differs from the lab frame. As in [123], we extract the
anomalous dimension from the soft limit using a constraint on the energy Ej,p of the emissions in
the lab frame. To write this constraint in an arbitrary frame, we introduce a reference four-vector
v, which is related to the energy FEi., = v - ¢ for an emission with four-momentum ¢*. This
vector encodes the frame-dependence, i.e. by including it, we can safely evaluate the anomalous
dimension in any frame. We then recompute the soft integrals that arise in the derivation of the
anomalous dimension in an arbitrary frame by integrating out the energies in the new frame while
keeping the angular dependence. The dipole real emission soft integral at one loop now reads

d*~q ng - Ny -
Sij = / @m) 128, ni-an, - q O(A —v-q)Oin(ng). (3.64)

In the derivation, loop integrals also arise, which are put into the same form as the real-emission
integrals using the residue theorem to carry out the energy integrals. In the lab frame v, = (1, 6),

3Up to the gap constraints.
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Convolution Symbol Associated angular integral(s)

®2 /[dmi] _ /d;?i
®. [ = [0 +2c [an),

® = R2 + 26 Ve

Table 3.1: Angular convolution symbols and associated angular integrals for the individual partons
i =1...m. In the final result, the factors ¢ = €72 /7 cancel against the ones in the energy integrals.
The factor v - n; =1 in the lab frame. Table adapted from [123].

and the integral therefore puts a constraint on the energy in the lab frame. Up to the ©;,(7y,)
constraint, the integrand is a Lorentz invariant function depending on )y, the time-like reference
vector v*, and the light-like reference vectors n;, n;. The jet constraint is formulated in terms of
angles in the lab frame vector 74, and if we evaluate the integral in an arbitrary frame, we obtain
the lab frame vector as

_ A

Mg = ——, (3.65)

v-q

where A * is the Lorentz transformation to the lab frame. We now parameterize ¢! = w ny, with
nk = (1,7,) so that the quantity w is the energy in the chosen frame. Performing the energy

integral now leads to

dw di—2Q ~
Sij = / (2m)2 wlt2e / 2(27r)d*q3 WZ% 6(Qo—wv-ng) @gap(%)

—2e
— %o [l wien ). (3.66)

For convenience, we have absorbed a factor of v - n, into the definition of the angular integrals so
that

d—2
/ [dQ,| W = & (v-n;)* / digiw‘l (3.67)
q ©j Q(QW)d—B ©j

is frame independent in d = 4 — 2¢ dimensions. One then expands the integral S;; in € and obtains
the anomalous dimension from the coefficient of the 1/e divergence. Including the color structure,
this yields the familiar result

Ry, =—4)Y T T Wi 0in(fiy),
(i5)
Vii=2) (Tir-Tjr+Tir- Tj,R)/[dQQq] Wi (3.68)
(i5)

3 1 us
—ir ) 5T Tin = Tir - Tir] Wi ™™
(i5)
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where the angular integrals are two-dimensional. In general, the integrals in (3.68) involve a
singularity in d = 2 when the emission ¢ becomes collinear to either 7 or j. To regularize this
singularity, we impose a cutoff as explained in 3.2.1. Importantly, the result is independent of the
frame in which it was extracted. The angular integrals

/[dQQQ] Wi (3.69)

are therefore frame independent in d = 2. The invariance can be understood physically from the
fact that the anomalous dimension follows from the part of the integral S;; where the energy goes
to zero, which stays invariant under a boost.

Proceeding to T'(?)| we have repeated the derivation of the two-loop anomalous dimension in an
arbitrary frame, using the constraint

OA—v-g—wv-r) (3.70)

for the case of two real emissions ¢ and r. The modifications of the result are very minor. First of
all, the angular integrals in the extra piece 6T'(?) in (3.61) involve a term proportional to In(v-n,)
and In(v - n,) from expanding the angular integrals, see (3.67). Since we have included these in
the definition of the measure in the angular integrals, see Table 3.1, the form of the extra terms
given in (3.67) remains valid in an arbitrary frame. The other terms which involve v* dependence
are the three-particle contributions Kj;,q which become

T T T T Mg V- Ty
Kijpar = 8 (WAWT, — WAWE — WLWE + WAWE) In ( 2 ) , (3.71)

Nkr V- Ng
and the term involving a logarithm of the dipole, which gets replaced by

2n; -n; (v-ng)?
W In(2W5) —s Wi I 27 0 1) (3.72)
it Mg My~ Ny

As for the case of Kjji.qr, the velocity terms in the logarithm are such that the argument becomes
invariant under a rescaling of the light-cone vector associated with the emission. Interestingly, the
two-particle function Kjj,4 remains unchanged and has the same rescaling property. Our goal is
to combine the terms in 6T'®) and T'® and show that the velocity dependence cancels among the
two.

The simplest velocity-dependent contributions are terms proportional to 3y in 6T'®) and T'(?).
These only arise in the real-virtual r,, and double-virtual part v,,. To illustrate the cancellation
of velocity-dependent terms, we consider the purely virtual anomalous dimension ,,. In the MS
scheme, the combination of both contributions takes the form

Um

1
= 43y Z 3 (TP LT + TR T R) {/[dzgq} In (2Wi‘§- (v- nq)z) _ 2/[d9q]€} Wi,
’ (i5)
(3.73)
where the vertical bar indicates that we only consider terms proportional to 8y. Since v, is Lorentz
invariant, we now choose to evaluate the contribution in the back-to-back frame and parameterize

ni=(1,0,0,1), n; =(1,0,0,—1), g = (1,7145054,,56,Co,,C0,) » (3.74)

N
where 0 and 7, are (d— 3)-dimensional zero and unit vectors. The angles 0, ¢ run from 0 to 7 and
we abbreviate their cosine and sines as ¢y = cos 6 and sy = sin . We can view the parameterization
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of the vector n, as a series of rotations applied to the vector n;. In fact, to ensure we do not miss
any angular contributions, we should also introduce an additional angle o,. However, we can
immediately integrate it out since the angular integral in (3.73) is only sensitive to the sign of
Ca,- As a result, the azimuthal angle for ¢, runs from 0 to 27. With the parameterization of the
angular integral at hand, we can derive the explicit form of the term (3.73). Up to terms of O(€?),
the e-expansion of the dipole integral can be written as

1 1 27 .
/[qu] Wi = o [ldCQ/O do, Wg{l +¢eln (QWi‘;(v . nq)2> - eln(4sm2(¢>q))}, (3.75)
which implies that the Sy-terms in (3.73) take the simple form

Urm

1 a a a a
=4f0 D5 (T T} + TiRT)R) / [d*Q,] X3, (3.76)
’ (i5)
with X% = Wi In (4 sin2(¢q)). The angle ¢, is the azimuthal angle of the emission in the dipole
frame of partons ¢ and j. To write sin® (¢q) in a lorentz-invariant form we use a light-like reference

vector n, = (1,1,0,0) pointing along the z-direction and (3.58). Similarly, one finds

r m

o —450 ZJ—;&LTJGR X5 On(iig) , (3.77)
(i5)

for real-virtual contributions. Since neither (3.76) nor (3.77) depend on the velocity term v,

we conclude that the contributions proportional to By are manifestly frame independent, in other

words, Lorentz invariant. We point out that in the dijet case, where Oje;(72q) is ¢4-independent,

the Bp-contributions to 79, ©2 from the primary hard partons vanishes because

2m

do,In(4sin?(¢,)) = 0. (3.78)

For m > 2, the contributions no longer vanish since the extra partons can be emitted along any
direction with respect to the jet cones.

In the large-N. limit only dipole structures contribute. As a consequence the three-particle
terms Kjp.qr only contribute when two legs coincide, these are the only non-vanishing terms in
the large- N, limit. Since our parton shower framework operates within this limit, this contribution
is all we need to address. In the following, we will focus on the real-virtual contribution r,,, but
the procedure carries over to the double-real contributions d,,. We observed in Section 2.6.2 that
Kijk.qr vanishes for i = k or j = k. Therefore, the only two-particle contributions in the large-V,
limit arise from the combination

Tm = ZNCQ / [dQQr] (Kiij;qr + iji;qr) Oin(ng)
(i5)

ni - ngnj-ng (v-ng)?
=Y 8N? [ [d*Q] Lijigr ] b Oin(ng) » 3.79
Z ¢ /[ ] sar ni =Ny -y (V- ng)? a) ( )
(i7)
where the velocity terms are again present to ensure Lorentz invariance. We introduced the quantity
Lijiqr
Lijigr = (WEWE — Wi — W) (3.80)
and
r Nij ro_ r
Wi = = W%qu = WiWi. (3.81)

1,
’ NigMgrTrj
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The quantity L;j;.q» has a simple interpretation. It is the combination of dipoles that arises when
considering strongly ordered emissions from a dipole (ij). The above two-particle contributions
only arise for the double real and in the real-virtual contributions since double-virtual terms vanish
entirely in the large-NV,. limit.

Unsurprisingly, the two-particle terms in (3.79) will combine with two-particle terms from 6T'()
in (3.61). These arise from the part of 6T'(?) which corresponds to strongly ordered emissions and
involves two angular integrals. To extract the expansion of the angular integrals, we introduce
different parameters ¢, and ¢, in the two integrations, i.e. we substitute d = 4 — 2¢, in the first
integral and d = 4 — 2¢,. in the second. The angular integral then takes the form

Tleaser) = [ 1) [ 1d2] Lijr 1) (352

where 6;,(n,) indicates the angular constraint for the real-virtual integration. In terms of this
angular integral, the commutator term in 6T'®) takes the form

.1
r® e T @ 1-TW e T @y 1= Y 16N2 x lim o [1,;(0,) - Jij(e,())} . (3.83)
(i)
in the large-N. limit. We now again choose the dipole rest frame to evaluate the contributions.

We parameterize the vector ng as in (3.74). However, we introduce the angles for n, relative to
ng, by parameterizing the vector as

Nep = ... - R34(Oéqr) . R23(¢q7«) . R12(9q7«) . nq 5 (384)

where R;;(¢) rotates by the angle ¢ in the plane of the ¢ and j coordinates. The advantage of
working with relative angles is that the scalar product of the two vectors takes the simple form

Ng Ny =1 —cosby, (3.85)

while a parameterization of n, as in (3.74) would lead to a dependence of the scalar product on
spurious angles such as og, and o, which are not present in d = 4. Using this parametrization, we
can carry out the commutator integral in (3.83) and divide it into two contributions

]_"(1) ®2 I‘(l) ®E ]__]_"(1) ®6 I‘(l) ®2 1=

83 ('U .n )2 Si
§ 8N? /[qu] /[dQQT} Lij;qr{ln 5 = Bin(ng) — In —5= 9m(nq)}.
(i9) Seqr (’U ’ nr) S‘z’q

(3.86)

We observe that the velocity-dependent terms will cancel exactly between (3.86) and (3.79) which

means that we indeed have established Lorentz invariance for this piece as well. Due to the relation
Mg - NgMNj-Ng

Sp =2
a ng - Ny

=2 WZ%- (3.87)
also the WZ% terms cancel. We stress, however, that qur #2W,
not with respect to the dipole axis but to n,. Similarly, the angle ¢4, is not the azimuthal angle in
the dipole frame, i.e. ¢, # ¢qr. Nevertheless, adding up the contributions from (3.86) and (3.79)
we end up with the simple result

2
P =» 8N? / [dQ,] Lij.gr In (j‘j) Oin(ng) = > 8N? / [d2Q,] Mijigr Oin(ng) . (3.88)

(i5) L (i)

since the angle 6, was defined
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A Lorentz invariant expression for séqm, where the subscript ¢, serves as a reminder that ¢, is
defined w.r.t the z-axis, directly in terms of the reference vectors was given in (3.58). Similarly,
siqr is the same expression with ¢ — r and x — ¢ and corresponds to the azimuthal angle difference
in the dipole rest frame. The derivation for the double-real contributions d,,, is analogous, so we
do not carry it out here. The combination of the e-terms with Kjjj.q- when all indices are different,
i.e. i # j # k, is a more complicated task and we leave this for future work.

To summarize, we managed to combine I'®) with its extra piece dT'(®) in this section. More
precisely, the terms proportional to Sy could be combined without imposing any constraints on
the color structure, while the more complicated three-particle terms were obtained in the large- N,
limit, which is sufficient to implement the anomalous dimension in MARZILI. In addition, we also
demonstrated that velocity-dependent terms cancel. As a consequence, the final result for the

anomalous dimension, at least in the large-NV, limit, is manifestly Lorentz invariant.

Taking the large-N, limit of the remaining two-particle contributions in I'(®), the anomalous

dimension reduces to a sum over dipoles

re — Z (05 6imn + 72 St + A Gimn—a] (3.89)

(i5)
as indicated by the superscripts ij. In the following, we write I'® instead of T'®. The three
entries describe double virtual v

m>

real-virtual r% and double-real d’/ contributions. The result
for these reads 3
dy] =+ Ne (Kijigr + Kjisgr) Oin(ng) Oin (127)

— 8NZ MijigrOin(ng) Oin(ns) ,

T =— Nc/ [d?Q] (Kijigr + Kjisgr) Oin(ng)

(3.90
+8N3/[d29r] MijigrOin(ng) )

+ Nc (450 X»ZZJ + ,y]C.usp W»Z) ein(nq) ’

o= = No [ [0, (150 X1, 45 WE).

As described above, the resulting angular integrals are Lorentz invariant up to the gap constraints.
The invariance allows us to generate the emissions in the back-to-back frame of the emitting dipole
and was instrumental in finding efficient parametrizations for sampling the integrals, which is
crucial for obtaining reliable MC predictions. We will get back to this point when the details of
the implementation are presented. The result in (3.90) represents the final analytical ingredient
to achieve NLL accuracy. The implementation of the two-loop anomalous dimension within our
parton shower framework will be carefully documented in the two following sections.

Insertion of the two-loop anomalous dimension

In this section, we will outline the NLL shower algorithm, focusing on the single insertion of the
two-loop anomalous dimension (3.90). We assume that the reader is familiar with the LL shower,
see Section 3.2.2, and will explain the computation of

t s t’
AU (to, t) = / dt' Ukk/(to,t’)~a( )(r,(j},—@r,g%}) Upn(t,t). (3.91)
to Am Bo

To compute the correction (3.91), we run two showers. At shower time ty = 0 we start a LL
shower with a list of vectors {n} along the direction of the hard partons in the Born level process
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Figure 3.9: Pictorial representations of the LL shower (up) and the NLL shower (down). Blue
lines denote hard emissions inside the jets generated by the shower evolution. The red lines depict
a soft emission into the veto region, which terminates the shower. The pink blob is an insertion of
the two-loop double-real contribution d,,, at time #'.
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and weight w = 1/Vg. The purpose of the first shower, which we refer to as master shower, is to
generate event configurations with different amounts of particles at subsequent times. For instance,
in the upper Figure 3.9 we have

tl . E1 = {ﬂ17ﬂ2},
ty 1 By = {n1,n3,n2},

t3 1 B3 = {ni,n3,na,na}, (3.92)

ts : Eg = {n1,ng, ng, n3, ng, N5, Na, N7, N2} .

This represents Usg/(to,t') in (3.91). At ¢ = ¢y, to, ..., we then insert the two-loop anomalous
dimension correction, which increases the number of vectors by 0, 1 or 2, depending on whether
U, Tm OF d,, is computed. After this, we start a second LL shower, which corresponds to the
factor Upy(t',t) in (3.91). This is depicted in the lower part of Figure 3.9 for the example of ¢’ = to.

To be precise, the insertion time ¢’ is not exactly ¢;, but slightly shifted. To see this, recall that
the LL evolution operator U (to,t) is built up iteratively according to (3.9). Starting from an
event configuration with k' particles, a time step At,, is generated according to the corresponding
probability distribution Py, before inserting the two-loop anomalous dimension. The evolution
takes the form

as(t)

P (Atn) i

(r,(ff%, - %FS/D “Upn(t't), (3.93)
0
where the insertion time is t’ = o4 + At,,. We point out that the first insertion is carried out with
the initial particle configuration, i.e. k¥’ = 2. This algorithm is depicted in Figure 3.10.
Let us now explain how the insertion is implemented in our shower code, using, as an example,
a term involving a single emission, such as the ij term in 7,,, or the single angular integral terms
in v,.

1. Pick a dipole in E; with the probability V;;/Vg,. Then generate an additional direction n,
and evaluate its weight AT, which is just the integrand of one of the terms in T'? — 3, /3, T'(!)
under consideration.

2. For real contributions, we need to update the list of vectors by inserting the additional
emission between its parents, i.e. for a single emission E] = {n1,...,n;,ng,n;,--- , N2},
while we leave E! = E; for virtual contributions.

3. Compute an insertion weight

VE,
Vi

where the factor Vg, /V;; cancels the one introduced when selecting the dipole.

4. Start a LL shower with weight wpew = wy/ Vg, and list of vectors E! at t’. The insertion
time t' needs to be calculated according to (3.93). The time values arising in the second
shower correspond to values of ¢t in (3.91) and the weight wyey is filled into a histogram at
each time t.

For concreteness, we described the implementation of terms involving a single emission or a single
angular integral. The contributions with two directions n4,n, are implemented analogously. By
repeating the entire procedure N times and averaging the histograms, we get a numerical estimate
for the integral in (3.91). Pseudo-code is provided in Listing 3.4 to illustrate the steps 1. — 4. from
above.
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tO T tiot
> Atl —‘7> Atu,

t1+ teot
Aty
Aty
to—+ tiot
t3 T T tiot

ty+ ‘|’ Liot
ts—+ | | —" Lot

Y

Figure 3.10: Algorithmic description of the insertion of the two-loop anomalous dimension. In
black, we show the so-called master shower which we use to generate event configurations. At
each intermediate time ¢;, we perform an insertion and restart a LL shower at ¢/, as indicated in
pink. The time steps At, shown in green represent At, in (3.93). The first insertion, denoted
by P2 when k' = 2, is directly carried out with the initial particle configuration. While we keep
the insertion and the master shower completely separate by generating two (random) time steps
according to the corresponding probability distribution, it is also possible to directly reuse the time
step from the insertion for the master shower — or the opposite, to use At; for the insertion. Once
the master shower terminates, we restart a new one. In this way, we evaluate the integral over ¢,
i.e. we insert the two-loop anomalous dimension at all possible times in the interval between t
and t.
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//initial dipole

let
let

npartonl = [1.0, 0.0, 0.0, 1.0];
nparton2 = [1.0, 0.0, 0.0, -1.0];

//Monte Carlo

for

_i in 0..nev {
//set up the master shower
let ttot = 0.;
let hardevent = [npartonl,nparton2];
while ttot < tmax {
//generate random time step At
let delta = rand();

let ttot_ins = ttot + delta;

//determine which dipole radiates
let ni,nj = hardevent.find_emitter ();

//generate weight and emissions

let weight,nq,nr = kijb(hardevent ,ni,nj);
//REAL -VIRTUAL contribution
//insert nq
hardevent.insert (nq);
//restart LL shower |
hardevent.llshower (ttot_ins ,weight_virt);
//REAL -REAL contribution
if nr.inside () {

//insert nr

hardevent.insert (nr) ;

//restart LL shower |
hardevent.llshower (ttot_ins ,weight_real);

//run/continue the master shower |
//generates At which increases ttot
//adds an emission to hardevent before the next insertion

//bins LL result

Listing 3.4: Pseudo code for the insertion of the Ki(;;)qr

piece.
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Details about the implementation

In this section, we will derive the form of the insertion weight given in (3.94) and explain some
details about the implementation of the angular functions. The initial configuration for eTe™ an-
nihilation into two jets involves two back-to-back particles along the directions n; = (1,0,0, 1) and
ns = (1,0,0, —1). The corresponding hard function is 7?[2 (t"), where we use the same normalization
as in Section 3.2.2. We also set tg = 0.

The first insertion happens with the original configuration, as shown in Figure 3.10. For a single

P q cusp
emission term, such as X or 77 we get

L

t
AU (0,t) = / dt’' Hy(t') AT ()
0 Vs

|:V3 Us (¢, t)}
b~ ATtV
- /O dt’ ’Hg(t/)%()vz [VgUgl(t’,t)}, (3.95)

where the insertion weight has been written out explicitly. The subscript of AI‘((LZ_)>

we insert the generated emission n, between its parents and restart a LL evolution Us;(t',t) from

, indicates that

an event containing three particles {n1,n4,n2}. Therefore, equation (3.95) represents a single-real
contribution. Its virtual counterpart is obtained by not updating the list of particles, such that
we restart a LL shower Ugy;(t',t) shower with {ny,ns}. The corresponding weight simplifies in this
case to

AT, ()

12

t

AU (0,t) = / dt’' Ha(t') (VU (t'1)] . (3.96)
0

We point out that only the sum of real and virtual contributions is finite. In practice, we always

calculate the corresponding real and virtual contributions once we generate an emission n, to which

we associate a certain weight. By doing so, large cancellations between real and virtual corrections

are mitigated.

The master shower continues to evolve according to the LL algorithm and generates an additional
particle n3. This corresponds to the situation at* ¢; in Figure 3.10. Since three particles make
up two dipoles, there are two possibilities for picking a dipole in the next insertion. The real
contribution is given by

PN AT? () Vs Vs AT () Vi Vs
AU (0,t) = | dt' Hs(t' 34/ 713 34\ ) 752 VaUgy ('t 3.97
u(0.0) = [ ar Ay | 20T T+ O [vaen] - won
where V4(1) = Vig + Vs + Vi, V4(2) = Viz + V34 + Vyo. In close analogy to the LL, we interpret

the factors ‘%, Vvi; as the probability of choosing the corresponding dipole for the insertion. The

virtual counterpart is given by

AF(Q) t/ AFf(Z) t/ V
{%3()‘@ n 5%()32] [vg Ugl(tlat)} : (3.98)

¢
AU (0,t :/dt’ﬁ ¢
2(0,2) 3(t) Vis V3 Vaa Va3

0
Iterating this procedure, all possible insertions are carried out while the master shower is running.
We conclude that the insertion weight is given by (3.94), where AT denotes the value of the
integrand of the angular function which is evaluated during the shower evolution. Depending on
whether we calculate a real or a virtual contribution, we either insert the generated emission or we
do not. This affects the subsequent LL shower Uy, (', t).

4In fact, we first generate a time-step, insert the weight in a histogram and only then generate a new emission.
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Once the master shower terminates, another one is started, and an insertion takes place at each
intermediate time. By repeatedly generating emissions, the shower not only carries out the integral
over the insertion time ¢’, but also the angular integrals in (3.90). Since the anomalous dimension
in the large- N, limit is manifestly Lorentz invariant, we generate additional emissions in the back-
to-back frame of the emitting dipole. This was instrumental in finding efficient parametrizations
for sampling the weight of the integrals, which is crucial for obtaining reliable MC predictions.
For instance, we note that the angular functions become singular when additional emissions along
nq and n, are either collinear to one of the parents n;,n; or to each other. To regularize these
singularities we impose a cut tan(J/2) > e~ on all angles ¥ between two directions in the lab
frame. As mentioned previously, once real and virtual contributions are combined, the singular
regions cancel. Nevertheless, in order to guarantee a smooth cancellation, it is important to isolate
the singularity in one variable. More precisely, since the function Kjj,4 contains an explicit n%r
factor, it is reasonable to use the relative angle between n, and n, as an integration variable. To
construct such a parameterization, we start with two vectors

= (1,0,0,1), (3.99)
= (1, sin By, cos ¢gr, sinby, sin ¢g,,., cosby,), (3.100)

l
nq

l
nT

which are rotated around the y- and z-axis
ng = R.(0q) - Ry(¢q) - ng (3.101)
nr = R.(0g) - Ry(dq) - 1. (3.102)

Using these coordinates we see immediately that ng,. = 1 — cosfg,.. Performing the substitution
cos By = 1 — e’ we obtain for integrals involving a term ng, in the denominator

T 1 In(2)
dbyr sinf,, — = dn . 3.103

/0 ar S Y 1 —cos Oy, /_OO g ( )
The singularity has been isolated and exposed in the lower bound of the integral and can be handled

1+4-cos b4
1—cosfy )°

by a cut. In addition, we replace the integration over 6, with the rapidity n, = %log (
We note that the rapidity makes the following singularity explicit

Uy . 1 o
/0 d6‘q S11 9q m = / d'r]q s (3104)

— 00

which arises in angular integrals of the one-loop anomalous dimension. Even though such a singu-
larity does not appear in Kj.q-, we still find it useful to generate emissions using the rapidity. To
quantify the impact of a suitable parameterization, we have implemented the K i(Jl');)qr
anomalous dimension in two different ways. First, using the naive choice of spherical coordinates

-piece of the

with four individual angles. Secondly, using the relative parameterization from (3.103). The result
for the contribution of the Ki(;;)qr—piece to the resummed cross section o(t) as a function of the
shower time is given in Figure 3.11. In Figure 3.11a we show the result using the naive spherical
parameterization. We see that the result fluctuates significantly. As a consequence, it is necessary
to increase the amount of statistics significantly to obtain a reliable prediction. The situation is
different for the result we obtain using the relative parameterization in Figure 3.11b. While the
results for the spherical parameterization fluctuate, the result from the relative parameterization
is much more stable, i.e. oscillates very little around its average. We emphasize that both results
were obtained using the same amount of statistics. For the remaining angular functions in (3.90)

we extensively use the relative parameterization.
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Figure 3.11: Shower result for the Ki(;’;)qr

terizations were used to evaluate the angular integral. Each red histogram represents one numerical
evaluation of K

T
0.02

(b

ijiqr

(b) Relative parameterization.

0.04

T
0.06

T
0.08

0.10

-piece from the anomalous dimension. Different parame-

with 108 events. The blue line represents the average over the ten evaluations.



3.3. NLL contributions in MARZILI 71

Using relative parameterization, contributions from singular regions are exposed clearly and large
contributions are mitigated, as shown in Figure 3.11. However, since we introduced a (small) cutoff
parameter 7)q,t, it is necessary to verify whether remaining cutoff effects are negligible because the
physical result must not depend on the particular value of 7..;. We set 1yt = 1. as default in our
MC. In practice, numerical cutoffs are decreased until the dependence on them becomes negligible.
This is a non-trivial task since reducing the cutoff increases the cancellation between real and
virtual contributions, making it numerically more expensive to obtain a certain precision.

To investigate cutoff dependence in MARZILI, we calculate separately the double-real and real-
virtual contribution of Ki(jl?qr
in Figure 3.12. In the upper Figure 3.12a we provide separate results for the double-real and

using two different values for 7¢,¢. Results for 7., = 5 are shown

real-virtual contributions. Combining double-real and real-virtual contributions, we obtain the full

result for Kfjl?;)qr,

magnitude when we compare the upper and lower Figure of 3.12. We point out that the numerical

which is shown in Figure 3.12b. We clearly see a cancellation of one order of

fluctuations decrease in Figure 3.12b compared to 3.11b, where the same cutoff was used. This is
due to an increase in the number of events that were evaluated. Since the error from the numerical
simulation scales as #N, this is a good indication that our MC implementation is reliable.

The cutoff was decreased to 7.yt = 8 in Figure 3.13. Unsurprisingly, the cancellations between
real-virtual and double-real corrections increase by an order of magnitude. This is due to the
fact that by reducing the cutoff, we allow emissions to become more collinear than before. As a
result, problematic numerators, such as ﬁ or %q’ become even larger. To obtain reliable results
nonetheless, we need to increase the statistics to deal with singular numerators. Unfortunately,
this comes at the cost of computing time.

Decreasing the cutoff itself increases the computing time. This is due to the fact that the ¢-
steps become much shorter, which means that the amount of additional particles generated while
showering heavily increases. Therefore, the LL evolution before and after the insertion takes more
computer time. In Figure 3.13 we increased the amount of statistics by a factor of ten compared to
the results in Figure 3.12. As a consequence, the combined effect of both increasing the statistics
as well as decreasing the cutoff 7., increases the computing time roughly by a factor of ~ 100 —

and not only ten.

Even though numerical fluctuations are larger in Figure 3.13b in comparison to 3.12b, the nu-
merical average for the cutoff 7., = 8 is reliable. Comparing Figure 3.13b with Figure 3.14, we see
that numerical noise can be significantly reduced if real-virtual and double-virtual contributions
are showered together. In this way, large cancellations are mitigated since they directly cancel.

In practice, we observe that to completely eliminate any dependence on the cutoff 7., for the
entire NLL contribution, we need to decrease it to 1yt = 8.
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Figure 3.12: Separate shower result for double-real (green) and real-virtual (blue) corrections of

K

the 1j;qr

-piece. A cut of 7y = 5 was used. Red histograms represent one numerical evaluation

with 10° events. In total, ten separate evaluations of double-real and real-virtual corrections were
carried out. The lower figure represents the sum of double-real and real-virtual contributions.
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(b) Sum of real and virtual contributions for Ki(]l.’;)qr.

Figure 3.13: Separate shower result for double-real (green) and real-virtual (blue) corrections of
the K (®) -piece. A cut of 7,y = 8 was used. Red histograms represent one numerical evaluation

13;47

with 10° events. In total, 100 separate evaluations of real and virtual corrections were carried out.

The lower figure represents the sum of real and virtual contributions.
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Figure 3.14: Numerical result for the Kf;;)qr—piece of the anomalous dimension. Red histograms

represent one numerical evaluation with 10° events. In total, 100 separate evaluations of K Z-(;-’;)qr
were carried out. Here, real-virtual and double-real corrections were directly combined.

The terms in the double-emission contribution d,, proportional to ng describe the splitting of
a gluon into a quark-antiquark pair. The large-N, structure of this contribution differs from the
remaining terms in I'® describing the emission of two gluons. To account for this in our shower,
the insertion of d,, is split up according to

n;
n; j i
g
i Ng
di = + np , (3.105)
— n, N TNy

1

where the lines indicate the dipole structure after the insertion. The evolution after the insertion
in (2.102) is then performed separately for the two parts, according to their dipole structure. On
a technical level, it is convenient to treat n, and n, as an additional dipole with Vi,. = 0 in the ng
part, i.e. as a dipole that never radiates.
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3.4 Validation

This section thoroughly assesses the implementation of the two-loop anomalous dimension within
our large-N. parton shower framework MARZILI. Since the numerical shower evolution is quite
involved, robust consistency tests are necessary to ensure that the implementation is correct. We
divide the validation in two sections. First, we conduct internal consistency checks in Section 3.4.1.
Our shower successfully passes all internal tests.

Second, we compare our full NLL prediction for the energy flow in a rapidity slice to the results
from GNOLE [148] and PanScales [142]. All frameworks are able to resum the NLL non-global log-
arithms using a different approach. While every formalism has its own advantages, it is important
to ensure that the predictions are in agreement. The details about the comparison are shown in
Section 3.4.2. Generally, we find good agreement between the three entirely different frameworks.
A detailed numerical analysis involving a thorough assessment of systematic uncertainties is part
of a forthcoming publication [210].

3.4.1 Internal consistency checks

In this section, we verify two essential properties of our shower. As a first analysis, we exponentiate
terms proportional to v7""" and verify whether expanding these numerically yields the same results
as our insertion algorithm. In addition, we reproduce fixed-order results from [123] using the shower

to demonstrate that the angular functions have been implemented correctly.

The simplest contributions of T'?) are given by terms proportional to ~{"*P. Isolating these

real-virtual and double-virtual contributions in (3.90)

cusp

Y
T = + 14 AN W Oin(ng)
i (3.106)
quhp 2 q
on == an, [P, Wy,
we see that they are exactly proportional to the one-loop anomalous dimension. As a result, we
can exponentiate the v7"*" contributions by redefining the shower time in (2.97)
HKh d Qs (ILS) 1
/ Pp= / dag (r<1> + 2 <r<2> - 511“(1))) (3.107)
s M as(pn) 2B0as 47 Bo
(i) 1 . AP
. s N (1)
- dag —— 1+>1“ e 3.108
/as(.u‘h) 260&5 ( 47T 4 ( )
t ~
= / dir® (3.109)
to

where the ellipsis denotes non-cusp terms and we inserted the 7;"*" contribution from (3.106)
for T'® from the first to the second line. We omitted (;-terms because they are remnants of
corrections to the running of oy and not directly related to v;"*P-pieces. Finally, we introduced a
modified shower time

cus

z as(pn) 11 "l 280t
t=1t-— — (1 —e™"° 3.110
4 4 206 ( c ) ’ ( )
capturing the 77" contributions. The variable ¢t = —2}30 In (Z((Z }%) is the shower time we in-

troduced before. This implies that we can exponentiate terms proportional to ;™" by simply
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Figure 3.15: Results for one insertion of v;"*". The single insertion according to (3.91) is shown in
blue, while the other curves are numerical extractions of the single insertion from the exponentiated
result.

changing the definition of the shower time from ¢ + £. Subsequently, we expand to isolate the pure
cusp
NLL term U;\?LL by taking the limit

cusp cusp cusp
1 ol dagont Falodgg +oe- cusp
. S
lim — In —LE NLL s “NNLL =gyt + O (ay) - (3.111)
NLL
as—0 Qg 0_'71
LL

This is delicate since we have to numerically take the limit of ay — 0 in order to suppress NNLL
7i"P terms. After taking the limit we compare to the result with one insertion of the anomalous
dimension. Results are shown in Figure 3.15. We see from the relative comparison between the
black and blue curve that the results differ. By decreasing the value of the coupling at the hard scale
as — while keeping the product agln % constant — we obtain full agreement between the direct
insertion and the expansion. Therefore, we conclude from Figure 3.15 that our implementation of
the insertion is correct.

It is more difficult to test the remaining parts of (3.90) which involve the angular functions Kj;.q,
and M;j.qr- An important test is that our numerical code reproduces the analytical integrals over
these expressions which arise in the NNLO correction of the interjet energy flow at small @y given
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Figure 3.16: Numerical result for the Kf;;)qr—piece of the anomalous dimension. Red histograms

represent one numerical evaluation with 10° events. In total, 100 separate evaluations of K i(jl??qr
were carried out. In green, we show the slope at ¢t = 0. The amount of color flavors was set to

np = 5 within the running correction Sy, however, purely fermionic terms inside K Z(Jb ) are set to 0.

in [123], for example the combination

/ [d20),] / (2] (K5, 4+ ESD) Oin (1) Bout (1) - (3.112)

This quantity can be calculated with our shower since this value corresponds to the slope at

t = 0 for the showered result of Ki(;-’;)qr. The result is illustrated in Figure 3.16. We extracted

the slope by fitting a linear function to the derivative of the shower result. We find a slope

mo = 457.61, which is in full agreement with the analytical value of Mmanalyticat = 457.79, see

Section 6 in [123]. We performed this fixed-order test with the remaining parts of K;j.,r as well

as for Mjj.qr. In all cases, the integration converges to the analytical result. Together with the
cusp

validation of our implementation of the single insertion of I'® using the i  -piece, this provides
a strong consistency check on our shower code.

3.4.2 Comparison to Gnole and PanScales

It is not apparent how the more complicated parts of T'®?) map between GNOLE, PanScales and our
parton shower framework. The GNOLE or PanScales approach works with full four-vectors instead
of directions and to obtain the mapping analytically, one would have to integrate out the energies
of the generated partons.

Since the three formalisms are genuinely different, numerical agreement is a strong cross-check
and a good indication that the NLL are captured correctly in the three frameworks. This section
will carefully outline the three-way comparison between MARZILI, GNOLE and PanScales. The
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observable we consider is the energy flow in a rapidity slice for dijet production in et e~ annihilation.
Particles are inside the veto region, i.e. outside of the jet cones, if their angle relative to the thrust
axis is larger than cos @ = 0.761594, which corresponds to a rapidity gap of AY = 2, see Figure 2.3.
We calculate the gap fraction

1 Qo do

which is the fraction of events with transverse energy Er in the gap below Q. We can directly apply
the factorization theorem (2.11) to the gap fraction R(Qg). To obtain the full NLL corrections, we
calculate matching corrections and contributions due to the insertion of the two-loop anomalous
dimension. We follow the aforementioned approach, as outlined in Sections 3.3.1 — 3.3.3.

While our framework is based on RG-improved perturbation theory, where large logarithms are
resummed and the remaining parts are expressed through the coupling at the respective scale
as(un) or as(us) respectively, the situation is different for GNOLE and PanScales. Their results

5h constant. We

are expanded in terms of a power series in «g(uy) while keeping A = as(up) In
carry out the comparison for the default scales pu;, = Mz and ps = Qp. To compare to PanScales
and GNOLE, it is necessary to trade the dependence on ay(us) for A. To do so, we use for the
running of the coupling [211]

s (j1) = as(guh) (1 _ Oésiﬁh) %# 4. ) , (3.114)

with £ =1+ 5—; as(pp) In Zh =1+ g—g)\. Inserting (3.114) into our definition of the shower time

and expanding in terms of a;(up) we get

1 sl s s
t—ilna (,u ) :tLL+M&tLL6260tLL+...7 (3'115)

B 200 Qg (/M) 4 Bo

where we introduced the leading contribution to the shower time

In <1+%A>

ty, =———— 4. 3.116
LL 270 ( )
As a result, inserting (3.115) into the LL correction leads to
s B
OLL (t) = ULL(tLL) + i;l:h) tLL Fl e2PotL ULL(tLL) + - (3.117)
0

where the second term represents the running correction and depends on the derivative o7, of
the LL result. We implemented the derivative separately in our MC framework since taking
numerically the derivative of ory, is delicate. The derivative can be obtained by slightly modifying
the LL algorithm outlined in Section 3.2 [106]. It is further necessary to expand ﬁ in (3.113)

L1 (1 _ ¢ elim) 3) +0 (%), (3.118)
Otot  OLO 4m
as a correction to the normalization. Adding the corrections due to the normalization as well as
the running, we obtain our final result for the NLL corrections, which we normalize by dividing
out a(pn) oL (tiy). Using this normalization, the dependence on o (p) completely drops out.
We performed two dedicated simulations, with np = 5 and ng = 0. The results, including
fermionic corrections, are shown in Figure 3.17, whereas the ones without are illustrated in Figure
3.18. Since every formalism involves a slightly different implementation of the shower cutoff(s)
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Ne, Neus and Nglice, We expect the predictions to agree only once the cutoff dependence has been
completely removed. In practice, this means that it is necessary to decrease the cutoffs to n. =
Neut = Nslice = & in our framework. Therefore, to guarantee reliable results, we significantly
increased the amount of statistics which severely affected the running time. From Figures 3.17 and
3.18, we conclude that the predictions are in good agreement. We would like to remind the reader
that the results shown in Figures 3.17 and 3.18 are preliminary. A detailed numerical comparison
will be addressed in the forthcoming publication [210]. The main focus will be on investigating
systematic uncertainties such as the cutoff-dependence 7., or the extrapolation as — 0 to isolate
the NLL contribution.
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Figure 3.17: Preliminary comparison for the gap fraction including the full fermionic corrections
for np = 5.
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3.5 Summary

In this chapter, we have precisely outlined how we implement the one- and two-loop anomalous di-
mensions in the large- N, parton shower framework MARZzILI (Monte-cArlo for the RenormaliZation
group Improved calculation of non-global LogarIlthms).

Starting from RG equations in (3.1) for the hard functions, we find an iterative solution by
taking into account the explicit form of the one-loop anomalous dimension. This iterative solution
naturally relates our effective field theory approach with parton showers since the solution (3.9) is
precisely a parton shower algorithm. We implemented this algorithm and carried out a qualitative
study at LL accuracy for gaps between jets. We find that neglecting NGLs overestimates the cross
section. Additionally, we also explained that even the leading NGLs do not exponentiate — in
contrast to the global ones.

To capture hard matching corrections, we rely on a calculation in the full theory to obtain
the matrix elements. Once either a real or a virtual emission has been generated, the particle
configuration is subsequently showered. A subtlety one needs to carefully take into account is that
real contributions contain a priori 4-distributions acting on S 3 which cannot be evaluated directly
in the MC. The simplest way to circumvent this issue is to introduce a slicing scheme.

The soft matching corrections are obtained by inserting the (soft) weight of the final emission
into a histogram. In this context, the final emission is the first emission inside the veto region and
the corresponding weight is given in (3.57). At NLL accuracy, this is the only ingredient that is
sensitive whether we restrict the energy or its transverse component, see (3.60).

The most complicated correction at subleading accuracy is the insertion of the two-loop anoma-
lous dimension. Fortunately, to isolate the pure NLL correction, it is sufficient to insert it exactly
once. We obtain a concise form of the two-loop anomalous dimension in the large-N, limit in-
volving e-terms. We find that e-terms nicely combine with I'®) — in fact, e-terms restore Lorentz
invariance. The final result for the anomalous dimension in the large- NV, limit is presented in (3.90).
Crucially, the invariance allows us to generate additional emissions in the back-to-back frame of
the emitting dipole, which is the most efficient way to sample the angular integrals. In practice,
we carry out the insertion by starting a LL shower Uy, (to,t’') at to, which evolves until ¢/, where
we evaluate I'®) | and then we restart a LL shower.

Finally, we carried out a series of tests to validate our implementation. Most importantly, we find
good agreement between our predictions, PanScales and GNOLE within statistical and systematic
uncertainties.

In the next section, we will apply our formalism to non-global observables at hadron colliders,
focusing on the difference between fixed-order and resummed predictions.



Chapter 4

Phenomenological predictions for non-global observ-

ables

In this chapter, we will present phenomenological results for gap fractions in dijet production from
ete™ annihilation and in Z-boson production. The full set of NLL contributions was initially
obtained in [1]. While first results at NLL accuracy for the interjet energy flow in ete™ were
obtained in [147,148], using our parton shower framework MARZILI, we were able to obtain first
results for a gap-between-jets observable at hadron colliders.

4.1 Gap fraction in e*e”

For our cross section computations, we work at center-of-mass energy /s = Mz with a,(Mz) =
0.119 and use two-loop running for as. We calculate the gap fraction exactly as defined in (3.113).
To include power corrections beyond the factorization theorem (2.11), we match to the fixed-order
prediction at order a. In other words, we add perturbative corrections to the resummed result
and subtract the pieces already included, which are precisely the soft pieces. The power-suppressed

matching corrections AR are included through additive matching

Qo o o
AR(Qy) = — / dET<d d ) ) (4.1)

Otot dET - dET
where the second term corresponds to the singular limit of the full distribution, which is the

same as using the factorization theorem without evolution. Specifically, we obtain the matching
corrections by subtracting the soft contributions from real emissions within the gap. These soft
contributions are precisely captured by the soft function, which is already accounted for in the
resummation. We use profile functions [29] to continuously switch off resummation once the power-
suppressed terms become relevant. The shape of the curve at larger @)y values is affected by
this choice. We use the functions introduced in [107]. On the left side of Figure 4.1 we show
our numerical results for the gap fraction of the interjet energy flow in ete™. The bands arise
from varying the soft scale ug since this effect dominates over the pj variation. The LL (red
curve) in Figure 4.1 is taken from [85] at finite N, = 3. These results at full color were obtained
using a conformal transformation, relating the BMS equation to the Balitsky-JIMWLK [212-218§]
equation. The corresponding numerical solutions include full color dependence. After adding the
NLL corrections computed from our shower (blue curve), we obtain a resummed result that is
only missing subleading color contributions at NLL. These effects are expected to contribute at
the percent level or below. We want to emphasize two properties of our result. First, the large

82
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Figure 4.1: Gap-between-jets cross sections at lepton (left) and hadron colliders (right) using
(QQ = My. The statistical fluctuations visible in the results are due to the N, = 3 LL result.

logarithms significantly reduce the gap fraction R(Qo) in the low-energy regime in comparison to
the fixed-order prediction (black line). Secondly, after including the NLL corrections, the width of
the scale uncertainty band decreases by a factor of two, which represents a significant increase in
precision.

4.2 Gap fraction in Z production

As a first hadron-collider application, we consider pp — Z — £7¢~ [219] and compute the cross
section for a gap around the incoming beam, centered at the rapidity of the electroweak boson, as
considered in [115]. The hadron-collider analog of factorization formula (2.11) was given in [106,110]

o(Q, Qo) = Z /dxld:c2 Z <’Hm({ﬂ}7Qa#)®Wm({ﬂ}7Q0,iL’1,ZL’2,H)> (4.2)

%,J=4,9,9 m=mgo

where the hard function is the same as (2.10) describing the hard interaction initiated by the
partons ¢ and j. The quantity W, is the low-energy matrix element encoding all soft and collinear
dynamics. The longitudinal momentum fractions are denoted by x; and z2 and the sum over m
takes into account the different partonic channels. In the large- N, limit W,,, factorizes into parton
distribution functions® (PDFs) convoluted with the partonic cross section and soft Wilson lines for
the m partons. Therefore, most ingredients for the resummation carry over from the ete™ case. In

5Non-global hadron-collider cross sections at finite N, involve super-leading logarithms due to Glauber phases
[90,110]. One might wonder whether the Glauber effects would lead to a breakdown of PDF factorization. Indeed,
the papers [220,221] suggest that even global observables (e.g. jet vetoes) would suffer from factorization-breaking
effects due to Glauber gluons. Whether PDF factorization holds beyond inclusive Drell-Yan is an important open
question for all of hadron collider physics, but beyond the scope of the present work.
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particular, the RG evolution and the one-loop soft function can be directly obtained from our MC
code. The only new elements are the hard real-emission corrections ’Hgl). The hard functions are
simply the partonic cross sections with their infrared singularities subtracted in the MS scheme,
which are well known [222-224]. However, the literature assumes that an infrared safe observable
is computed and simplifies the cross section results by integrating soft terms over the full angular
region. These simplifications do not apply to the hard functions because the angular constraint
in (2.10) restricts hard partons to the jet region, while contributions with partons inside the gap
are part of the soft function. To avoid double counting, we need to restore the terms that were
dropped in [222-224]. We will perform this calculation in the next section and provide explicit
expressions for the hard functions in all partonic channels.

4.2.1 Hard matching corrections for Z production

In this section we derive the radiative corrections to the hard functions ’Hél), ’Hél) which can be
obtained by a standard NLO QCD calculation [222-224] for the Drell-Yan process [219]. The
production of a (virtual) color-singlet boson with invariant mass ) in hadron-hadron collisions at
center-of-mass energy +/s occurs through the annihilation of quarks. More precisely, we study the
process N1 + No — Z + Xy,4, where N7 and Ny are the colliding hadrons (protons at the LHC)
and Xy,q is an arbitrary hadronic final state. The hadron collider cross section can be expressed

as a convolution of the partonic cross sections igﬁ with PDFs f;/n (2, i)

Z /d$1/dﬂf2 fz/N1 3317Mf)fg/N2(iU2,/~tf)Uo dQQ' (4.3)

,j=4,d4,9
For convenience, we have split off a prefactor

g _ Ao~ gil? + 19kl

o
7 N.s p 2 ’

(4.4)

which absorbs the electromagnetic coupling a as well as the left- and right-handed couplings g1, r
of the Z to fermions. At NLO, each partonic channel only involves a single (anti-)quark flavor
g. The explicit form of the couplings for different electroweak bosons can be found in [30]; for
simplicity, we only consider Z production in the present work. The PDFs f;/n(z, uus) are related
to the probability of finding a parton ¢ inside the hadron N with momentum fraction x, and py is
the factorization scale. In the center-of-mass frame, we parametrize the incoming hadron-momenta
as P1o = %(1,0,0,i1) which translates to, as usual, p; = x1P; and py = 2P at the partonic
level. We find it useful to introduce the variables (see e.g. [25])
Q2 QZ T

_- X - x _ 4.5
T PR 5 122 (4.5)

where 8§ = (p; + p2)? = m1225 denotes the center-of-mass energy squared in the partonic system.
In addition, we also introduce the Mandelstam variable ¢ = (p; — k)2, where k is the momentum
of the final-state gluon or quark at NLO. Factoring out the electroweak prefactors as in (4.3), the
partonic cross section can be written in terms of hard scattering kernels Cj;

do;; 2 1 1 2
ngz/dHﬂMﬁPa(z—%):/T dz/o dy Oz 0. Quu) s (-~ L), (46)

with y =1+ o QQ, which is related to the scattering angle 6 in the partonic center-of-mass frame

through cos @ = 2y —1. We have written the phase space of the final-state particles dll; in terms of
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¥,z and (). The hard scattering kernels C;; are expanded perturbatively in a,. At leading order,
i.e. a¥, only the ¢g channel contributes. In contrast, at NLO the inelastic gg channel opens up (of
course, together with the directly related gq, gg, g¢ and gq channels). After combining real and
virtual corrections and performing the collinear factorization, we obtain the LO and NLO hard
scattering kernels in the MS scheme

Cyq =06(1—2) 5(y)+g(1*y)

Qg 2
1+ CF<8§2 — 16—61112;};)]

+ Z—; Cr [2(5@) +6(1—1y)) (4{lngl_zz)]+ —2(1+2)In(1-2)— (l%zj)ln(z)

2
+1—z—(1+22)[1iz]+1n gg)

~om (1], + 5], )] )

260) (0= ) m (95E) #2509 - (20 (- ) m )

s In(1—y) In(y) In(y) In(1—y)
+4WCF5(1—Z){242 (5(y)+5(1—y))+2(yy+13;+[ ¥ L+ [79 L)

s
ng = E TF

12 <(z2 +(1-2)?) [%L F2:(1—2)+ (1 - z)2y> (4.8)

The remaining channels can be reconstructed from these results. Using the fact that (4.3) is
independent on the factorization scale, we may derive the dependence on py in (4.7) and (4.8),
since the PDFs obey the DGLAP evolution equations [225-227]. As pointed out in the main text,
the expressions for partonic cross sections are usually simplified by integrating soft contributions
over all angles. In our case, this concerns the terms in the last two lines of (4.7), which can be
written in compact form as

~ CF Qg In _ 2
Abyg = =32 3(1 =) { [7§<11_;;>yy>]+ ~In % Ll—l@/)yL} . (4.9)

These terms were omitted in [223] since they integrate to zero in perturbative predictions for
infrared-safe observables. However, we use the partonic cross section to construct the hard functions
(2.10) in the factorization theorem and due to the restriction O, ({n}) in (2.10) also the §(1 — z)
terms are only integrated over the jet region. The part of the cross section where the gluon is
inside the gap is included in the soft function and integrating the terms (4.9) in the hard function
over the full angle would lead to a double counting. The terms in the last line of (4.7) depend
on the renormalization scale which we denote by puy, since the above partonic cross sections will
be part of the hard function. For the same reason, the coupling as = a5(up) is evaluated at this
scale.

We now want to use the results (4.7) and (4.8) for the calculation of the angular convolutions
of the hard and soft functions. This is done in close analogy to the dijet case. For the hard
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matching corrections, we need the one-loop corrections to the hard function #o, together with the
leading-order hard function H3 in the combination

%;A(l) - %(HS) ® SE () + HYY © SEE (1)), (4.10)

where the LL soft functions include the evolution from the hard to the soft scale

ShE(t) = Uni(to =0,£)&1, (4.11)
k

and the leading-order soft functions are trivial. The symbol & indicates the integration over the
directions of the additional partons generated during the evolution.

For the hard function Hs, the angular convolution in (4.10) is trivial since the two incoming
partons are along the beam directions. For the function Hs, a single nontrivial angular integral
remains, corresponding to the angle of the emitted final-state particle with respect to the beam
axis. We parameterize this angle in the variable y so that we have

Am=<wWA&w+Adw¢@wwmm»
(4.12)

1
= [y [P0 ) )+ 1,2 Salnt).
0

where we use that the soft function S3(y,t) reduces to the two-parton soft function when the
emitted parton is along the beam direction, i.e. S3(1,t) = 85(0,t) = Sa(t). The soft functions
S3(y,t) are computed by starting the LL shower with an appropriate three-parton configuration.

The advantage of combining the real and virtual corrections in (4.12) is that the combined hard
functions are directly related to the partonic amplitudes given above. For example, for the gq
channel, we have

W Ha,4q(2) + Hs gy, 2) = 0§ Coq(2,y) Ou(y, 2) , (4.13)

where we express the in-jet constraint ©;,(y, z) through the partonic variables y and z. For a gap
around the rapidity of the Z-boson, we have

@in(yVZ) = 0(|Y| - Ymax) ) (414)
where
1.9 : X yly(d—2)+2)
Y =21 th = . 4.15
2 M1 b Y1 20— yy-2) (4.15)
The quark-gluon channel is not present at the lowest order, so that
Hs q0(y,2) = 08 Cug(2,y) O (y, 2) . (4.16)

For this process, we calculate the soft functions S§%(y,t), S éﬁ(y, t) numerically via LL evolution
for a grid of y values. In practice, we generate a value of y, corresponding to a three-particle
event where the real emission is inside the jet cones, and shower this configuration. Repeating this
procedure for multiple values of y we obtain a grid. We then interpolate linearly in both variables
y,t and evaluate the convolution with the partonic amplitudes. The integrations in y, z as well as
x; are performed using VEGAS [228,229]. To simplify the matching to fixed order, we compute
the order « corrections to the hard and soft functions for N, = 3. This approach is different
than the slicing scheme we used in the dijet case. The main advantage of using interpolation
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grids it to avoid a dependence on the slicing parameter, thus preventing potentially large power
corrections on the slicing parameter. However, as soon as one changes a parameter, for example
the gap size, it is necessary to create a new grid which is cumbersome. In the future, it seems that
the most convenient choice would be to introduce a subtraction scheme so that each real event
is automatically associated with its counter-event, thus regularising the IR divergences from real
emissions.

4.2.2 Numerical results

In the right plot of Figure 4.1 we show our numerical results for the gap fraction (3.113). We work
at /s = 13.6 TeV and use the NNPDF23 nlo _as 0119 qed [230] set and associated a;. We again
use the LL results of [85] at full color and match to fixed order. We note that the result of [85] does
not account for complex phase terms in the anomalous dimension (2.55). These cancel for ete™
but are present for hadron colliders and lead to double logarithms at higher orders [90]. However,
for Z production the effect of these so-called super-leading logarithms is strongly suppressed and
numerically below the percent level [110]. For the same gap size AY = In(3) ~ 1.1, we see a
similar behavior as in the eTe™ case, see Figure 4.1. To study the effect of large logarithms on
the fixed-order expansion, we increase the center-of-mass energy @ to 1 TeV and the gap size
AY = 2. Once the hierarchy between @) and Qg is large, it is unclear how the renormalization
and factorization scales p, and py should be chosen in the fixed-order result. In the left plot of
Figure 4.2 we compare the perturbative predictions for a high value p = py = p, = 1TeV (solid
black line) and for the choice u = Qo (dashed black line). The difference in the two predictions
is an inherent uncertainty in the fixed-order result. The dynamical scale u = Qg leads to better
overall agreement with the resummed result, but also to an unphysical negative cross section at
low Qp. In our effective field theory approach, each part is evaluated at its natural scale. On the
right side of Figure 4.2 we show the LL as well as the NLL results, both obtained in the large-N,
limit. In all cases, we observe that at low Qg the NLL effects are around 20% and are within the
large LL uncertainty band. As expected, the scale uncertainty is greatly reduced at NLL.
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Figure 4.2: Fixed-order predictions for different scale choices (left) and resummed results at LL

and NLL (right) for the value @ = 1TeV.



Chapter 5

Conclusions and outlook

This project is very easy [...] all you need to do is the Monte Carlo implementation.

— Thomas Becher, an optimistic supervisor

Starting from a factorization theorem obtained in soft-collinear effective theory and its associated
RG equations, the objective of this thesis was to resum non-global logarithms at NLL accuracy.
According to the factorization formula (2.11), there are three distinct contributions at subleading
accuracy that are necessary to resum the full set of NLL corrections. Hard and soft matching

corrections as well as contributions from the two-loop anomalous dimension to the running.

While first results for matching corrections were available in [107], the inclusion of the two-
loop anomalous dimension in the renormalization-group evolution only became conceivable once
analytical results for this quantity were presented in [123]. An earlier result for this quantity [97]
contained many ingredients but not in the MS scheme relevant to our case. The main achievement
of this thesis is the implementation of the two-loop anomalous dimension into the dedicated large-
N, parton shower framework MARZILI. In practice, we augment the LL implementation [106, 108]
with precisely one insertion of the two-loop anomalous dimension. A single insertion of I'® is
sufficient since contributions from I'®) are supressed by a,. More precisely, we start a LL shower
from a certain particle configuration which runs until an intermediate scale, where we evaluate
I'® | and subsequently restart a LL shower. Throughout the evolution, additional particles are
generated. In this way, we are able to resum the full set of next-to-leading non-global logarithms
for jet observables, such as the interjet energy flow in dijet production at lepton colliders.

We validate our implementation by comparing predictions for the energy flow into a rapidity
slice around the thrust axis with results from GNOLE [148] and PanScales [142]. The results,
independently obtained using entirely different frameworks, are in agreement within statistical and
systematic uncertainties. This provides a strong cross-check on our implementation.

As a first hadron collider application, we resum the next-to-leading non-global logarithms in pp —
Z — IT1~. We veto radiation in a gap outside the beam region. The gap is centered around the
rapidity of the electroweak boson. The shower evolution is the same as for eTe™, the only additional
ingredients to the resummation are the relevant NLO hard functions, which we extract analytically.
In the future, these should be extracted from existing fixed-order codes. The simple non-global
observables computed here can serve as benchmark results for the development of general-purpose
parton showers at subleading, i.e. (N)NLL, accuracy [127-132]. On the experimental side, it would
be interesting to measure a gap fraction in Z-boson production to study how large non-global
logarithms turn out to be for fiducial phase-space constraints. Experimentally, it is problematic to

89
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decrease the veto energy Qg for the leading jet in the gap below 20 GeV. This is due to an increase
of the background noise and a lower detector sensitivity. As a result, the ratio between the soft
and hard scale might not be large enough for non-global effects to become manifestly dominant.
A possibility to increase this scale ratio would be to explore Drell-Yan events at high center-of-
mass energies. In addition, it would be interesting to see how widely used general-purpose parton
showers, e.g. Pythia [124], which do not capture non-global logarithms entirely [231], compare to
our theoretical prediction and experimental data.

Our result is a first step concerning the resummation of non-global observables at hadron colliders
and there are several interesting extensions of this work. Moving forward, it would be interesting
to insert the two-loop anomalous dimension a second time during the evolution, as a first step
towards exponentiation. In principle, this is possible with the current implementation since we
would modify the second LL shower in (2.102) to also contain an insertion of T'?). Since these
corrections are suppressed by a(up), they are expected to be numerically small in comparison to
the results we obtained in this work. One concern when increasing the number of insertions of
the two-loop anomalous dimension is the numerical stability of the angular integrals. Increasing
the statistics to obtain a stable result may be necessary, which would require a more efficient
implementation. It seems plausible that porting some parts of the code onto GPUs to make use of
the highly concurrent infrastructure would achieve a significant speed-up [232].

Another interesting line of research would be to apply our framework to the invariant-mass
distribution of jets and extend previously obtained results [107] to full NNLL accuracy. The jet
mass distribution has been measured at the Large Electron-Positron collider, however, the typical
jet mass is relatively low which means that the distribution is sensitive to hadronic contributions.
Nevertheless, it is an interesting observable to study, since it may be used at hadron colliders to
extract a, [233]. The factorization theorem for this observable is known [98] and the matching
corrections can be obtained by slightly modifying our implementation for the interjet energy flow
[107]. While for the gap fraction only soft logarithms arise, the situation is more complicated for
the distribution of the jet mass because collinear emissions are another source of large logarithms.
On the technical side, it will be necessary to subtract collinear contributions from the anomalous
dimension and exponentiate these separately. The collinear logarithm yields a double-logarithmic
contribution so that the leading non-global logarithms start at NLL accuracy. Therefore, by
including the two-loop anomalous dimension in the evolution, one will obtain NNLL results. Our
formalism is well-suited to address this problem.

An observable of phenomenological interest with sensitivity to non-global logarithms is photon
production [234]. To distinguish experimentally between photons produced in hard scattering
processes and photons originating from other sources, it is necessary to isolate photons. In practice,
this is done similarly as in the gap fraction, but instead of restricting the energy in a central region,
the energy of additional radiation inside a cone around photons is restricted to a fraction €, of the
photon energy. As a consequence of these isolation requirements, a twofold pattern of logarithms
arises. We obtain enhancements proportional to Ine, and In R, where R is the opening radius of
the isolation cone. The logarithms in Ine, are non-global and can be resummed using the parton
shower framework presented in this thesis. One of the missing analytical ingredients to resum
subleading logarithms are the NLO corrections in a to the jet function. These contributions can
be extracted by studying higher-order splitting functions, representing the analog to hard matching
corrections in gap fractions. The logarithms In R are obtained by solving a DGLAP-like evolution
equation for the fragmentation function. To improve the resummation accuracy regarding the In R
terms, it is necessary to calculate higher-order splitting kernels. We believe that these can be
extracted from the corresponding QCD splitting functions. Once the subleading logarithms in R
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and ¢, have been resummed, the result should be matched to existing state-of-the-art fixed-order
NNLO computations for photon production with realistic isolation criteria [235].

Phenomenologically interesting examples of more complicated observables include H + jets pro-
duction with a veto on additional jets in pp — H — WTW ™. Experimental analyses typically
divide the data into exclusive jet bins because the background-to-signal ratio changes considerably
with the number of jets present. The jet veto is imposed to reduce the background from top-quark
pair production with subsequent decay into bottom jets. Since the p¥°*® cut is very stringent, large
logarithms in terms of In Vem deteriorate the cross section. While non-global logarithms are power-
suppressed in the zero Jet b1n [106], as soon as one distinct jet is present jet-veto cross sections are
genuinely non-global. Treating the zero-jet bin as a global observable, the large logarithms have
been resummed up to N3LL [34-36,43,44]. Starting from the one-jet bin, there is a non-global

In 2 pwm logarithm present, which should be resummed even though its size was estimated in [236]
to be at the level of a few percent. However, this estimate is not based on a full factorization
theorem for H + jets, hence, it should be used with caution.

Higgs-boson production from vector-boson fusion with a jet veto for central rapidities is another
process where non-global logarithms should definitely be investigated. To suppress background,
experiments impose large rapidity gaps which implies that the final-state jets are widely separated
and in different hemispheres. By imposing a veto on the energy of additional radiation in the central
region between the final-state jets, we anticipate sizable non-global contributions, in particular
to the gluon-induced background. The main challenge to resum subleading logarithms is the
calculation of the hard functions. To get the hard functions for VBF, we would use the structure-
function approach [237]. Having analytical expressions would help to investigate the possibility
of extracting hard functions from existing fixed-order codes, e.g. MadGraph [238] or MCFM
[239], thereby automating the calculation of the hard functions. As the first application of this
automatized extraction procedure, we would calculate the hard functions for the gluon-induced
background. Combined with one-loop corrections to the soft function and contributions due to the
running of the two-loop anomalous dimension, we would get the subleading non-global logarithms.

A limitation in our framework is the strict large-N, limit. As a result, we are unable to capture
contributions due to Glauber exchanges in non-global observables. While these so-called super-
leading logarithms [90] vanish in eTe™ initiated processes, they may become relevant for 2 — 2
scattering processes at hadron colliders [110,193]. An open problem is to account for multiple
soft emissions which build up the non-global nature. It is certainly possible to perform multiple
insertions of the anomalous dimension numerically at full color, however, higher-order insertions are
only feasible numerically. Even though there are efforts to develop a parton shower at finite color
[199] and first numerical results exist [88], so far Glauber contributions have not been implemented.
Perhaps the most promising approach would be to include the Glauber exchanges at full color in
our framework and treat subsequent soft emissions using our large- N, parton shower. We believe
that our formalism is suitable to obtain the leading contributions numerically and we are looking
forward to working on that.

To conclude, this monograph represents an important milestone concerning the resummation of
jet observables using effective field theory techniques. More than two decades after the leading
non-global logarithms have been resummed, we finally achieved NLL accuracy, the new state-
of-the-art for non-global observables. This accomplishment culminates nearly a decade of work
[94, 95, 106-108, 123], demonstrating the significant development made in this field. The results
and insights obtained here, pave the way for future precision studies at colliders.
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