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SUMMARY

This work extends the ARES framework for NNLL resummations: automating calculations
via the use of fixed-order event generators, and, extending the ARES method to multi-jet
observables. We extend the ARES method to multi-jet observables in electron-positron
annihilation, and we use this extension to perform the first NNLL resummation of the
D-parameter, a three-jet event-shape.We introduce a new method to interface resumma-
tions to fixed-order event generators. Utilising this new method we interface jet-veto
resummations with the fixed-order code MCFM. The result is a new code capable of re-
summing jet-veto effects in all processes that proceed via a colour-singlet, and completely
differential in leptonic final states. We use the code to resum jet-veto effects in WW final
states at the Large Hadron Collider, and place constraints on the unique dimension-six
operator coupling gluons to the Higgs field.
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Chapter 1

Introduction

The story of elementary particle physics is one of remarkable success. Our knowledge
of elementary particles has grown from the discovery of the first subatomic particle (the
electron) in 1897, to a theory that is capable of explaining the electromagnetic force, the
strong nuclear force and the weak nuclear force—three of the four fundamental forces—
to incredible experimental precision. To describe the interactions between elementary
particles at such high levels of precision we must use the language of quantum field theory
(QFT), a unification of quantum mechanics and special relativity. In the language of
QFT, elementary particles are described in terms of quantum fields, and their dynamics
via the interaction of these quantum fields. QFTs are the basis for theories that attempt

to describe interactions at the smallest possible length scales.

Our best description of elementary particles is encoded in the Standard Model (SM)
of particle physics. The SM is a renormalisable gauge QFT, that is invariant under the
action of the local product group SU(3). x SU(2)r x U(1)y. The gauge groups in the
SM encode different forces, the SU(3). gauge group describes the strong force, and the
product group SU(2);, x U(1)y described the electroweak force. The SU(2)r x U(1)y
symmetry is spontaneously broken according to the Higgs mechanism, giving rise to the
electromagnetic and weak nuclear forces. In this thesis we will only concern ourselves
with the SU(N,) sector, the dynamics of which are described by the theory of quantum
chromodynamics (QCD).

The phenomena of QCD are rich and varied across many different energy scales. At
low energies QCD is responsible for the hadrons (bound states of quarks and gluons) and
the existence of the atomic nucleus. At high energies QCD is the dominant mechanism
of interactions at colliders. In this thesis we will only consider QCD at high energies. At

high energies QCD behaves like a free theory and is will described by perturbation theory,
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where the strong coupling constant acts as a small parameter. The fized-order! perturb-
ative treatment of QCD is remarkably successful, and, broadly, agrees very well with
experimental data. However in certain kinematic regimes these predictions can become
unreliable. Problems arise when particle dynamics occur at multiple scales. For reliable
predictions it is thus essential that we take into account these multi-scale dynamics. This
is usually done by performing an all-orders® resummation.

The main subject of this thesis is the resummation of final-state observables in QCD.
Considering only a particular (although still rather generic) class of hadronic observable,
a general method for their resummation can be devised. At next-to-leading-logarithmic
(NLL) accuracy this exists in the form of CAESAR [3] a framework and a computer program.
And at next-to-next-to-leading-logarithmic (NNLL) accuracy this exists in the form of
ARES [4], also a framework and a computer program. Within the scope of CAESAR and
ARES are many observables that can be resummed, for example most event shape variables
including: Thrust, the C-parameter and the D-parameter.

There is always more phenomenology that is of considerable interest that we can study,
one such case is that of three-jet events. There is a wealth of three-jet data from the
Large Electron-Positron (LEP) collider, for which more accurate predictions are necessary
for good agreement between theory and experiment. Another such case is the need for
differential distributions. Such distributions provide far more information than simple rate
calculations, and are necessary for accurate measurements of certain parameters, such as
the coupling of the Higgs field. In this thesis we extend the ARES framework to cover these
cases, paving the way for new phenomenological studies.

In chapter 2 we review the kinematic details necessary for the calculation of cross
sections in scattering experiments. Along the way we will introduce some of the notation
that will be used throughout the thesis, remaining as general as possible in our consider-
ations. We will then introduce QCD, concerning ourselves only with perturbative QCD
(pQCD). We cannot possibly give a complete review of pQCD, so we will review some
of the important aspects of pQCD in the infrared regime: the class of observables that
can be reliably calculated in pQCD and the factorisation of QCD matrix elements in the
soft and/or collinear limit. In chapter 3 we introduce jets, and, the intimately related, jet
observables. Such observables can be used to probe every aspects of QCD and the SM of
particle physics.

In chapter 4 we come to the original work that I have carried out. We extend the ARES

!By fixed-order we mean that we consider only a fixed number of terms in the perturbative series.
2By all-orders we mean that we consider all orders in the strong coupling constant.
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method of resummation to three-jet event shapes in e™e™ annihilation at NNLL accuracy.
Careful consideration of all possible contributions is necessary, and we find many new
and interesting features not present in the two-jet case. Following this in chapter 5 we
apply the new ARES method to resum the D-parameter in near-to-planar three-jet events
at NNLL accuracy, the first such resummation at this accuracy.

Finally, in chapter 6 again we extend the ARES method, so as to produce predictions
that are differential in the kinematics of the final-state. We focus on the production of a
colour-singlet in the presence of a jet veto. We then examine the phenomenology of WW
production in the presence of a jet veto, and use the differential production cross section

to put constraints on a simple Beyond the Standard Model (BSM) operator.



Chapter 2

Quantum Chromodynamics

Before we begin our incursion into the realms of Quantum Field Theory (QFT) and
Quantum Chromodynamics (QCD), we will first briefly review how to calculate meas-

urable quantities in QFT.

2.1 The cross section

The experiments that probe the behaviour of elementary particles, especially in the re-
lativistic regime are scattering experiments. In scattering experiments we either collide
two beams of particles together or we smash a single beam of particles into a fixed target.
We measure the resulting final state particles to understand the dynamics of the under-
lying collision. The likelihood of a particular final state can be expressed in terms of the
cross section, a quantity that is intrinsic to the colliding particles and independent of the
experimental setup. It is the cross section that allows us to compare measurements taken
from different experimental configurations to one another.

Considering two bunches of particles of type a and b, with length ¢,, ¢, density pq, pb
and a cross-sectional area A that is common to the two bunches, we can define the cross

section as
Number of scattering events

Pa ga Po gbA

(2.1)

g

We are usually interested in more than just counting the number of particles, we would
like to measure the momenta of the final state particles. We can still use the cross sec-
tion definition of Eq. (2.1) to do this, only now by specifying the exact momenta the
cross section is infinitesimal. The solution to this is to define a differential cross section
do/(d3py ...d%py,), which is infinitesimal in the momenta of the final state particles. In-

tegrating the differential cross section over the momenta of the final state particles we



recover the total cross section.

Usually as physicists we are interested only in specific combinations of momenta that
define an observable, a quantity with a specific kinematic dependence on the final state
momenta. The differential cross section for a completely general observable (or set of

observables) is given by the following expression

1 1 m
dU:FZS{}d‘pm(Pl,---,pm)le(pa,pb—>p1,.--,pm)\2F§ ‘o1, om), (22)
{m} "V

where working from left to right the new terms in Eq. (2.2) are

The flux factor F, which takes care of the correct normalisation with respect to the

incoming particles in accordance with Eq. (2.1).

e The sum ) {(m} which denotes the sum over all the configurations with m particles

in the final state.

» The Bose symmetry factor Sy,,), which ensures that contributions due to indistin-

guishable final states are not double counted.
e The phase space for m final state particles d®,,.

« The squared matrix element for a 2 — m scattering | M, (Pa, Py — D1, - - - Pn)| >
The squared matrix element contains all of the dynamics of the theory, and encodes

the transition probability for any given scattering process.

o A phase space weight function F}m), called a jet function, which defines the measure-
ment. Inside the jet function we can include phase space cuts (encoded as O-functions
of the final state momenta), or observable definitions (encoded as d-functions). The
jet function can be made up of many different terms encoding simultaneous distri-
butions in many observables taken over complicated phase space cuts. The simplest
example of a jet function is F}m) = 1, in which case Eq. (2.2) reduces to the total

cross section. There are some technical limitations on the kinds of observables that

can be included in the jet function, and we will come to these restrictions later.

To calculate cross sections we need to understand both the kinematics and dynamics
of the scattering process. The dynamics are encoded in the square matrix elements of
Eq. (2.2), and to calculate these we must specify a QFT. We will dedicate the rest of this
chapter to a review of QCD, taking our time to walk through the elements that are most

important for the resummations that we will perform in Chapters. 4, 5 and 6.
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2.2 QCD: The theory of the strong force

Before we can write down the QCD Lagrangian density we must specify the field content
of the theory. The dynamical degrees of freedom in QCD are those of quarks and gluons,

these can be written in the language of fields as

e Quark fields, which are spin—% Dirac fields v f with the indices «, a and f cor-
responding respectively to a Dirac spinor index, a colour index in the fundamental
representation of the gauge group and a flavour index. Generically we will consider
a theory with ng different quark flavours—in the SM there are six different flavours

of quarks.

e Gluon fields, which are spin-1 bosonic fields Aﬁ with the indices p and A corres-
ponding respectively to a Lorentz vector index and a colour index in the adjoint

representation of the gauge group.

In defining the degrees of freedom in terms of fields we have mentioned a gauge symmetry
without pinning down a specific group. The dynamics of the strong interaction are in fact
governed by the non-Abelian gauge group SU(N.), where in the SM N, = 3 [5-7]. We
report the details of the SU(N,) Lie algebra in appendix A.

Now that we understand the field content and the gauge group structure of the theory,
we can write the standard Lagrangian density for a generic Yang-Mills theory [8] with

minimally coupled matter fields

1 .
ﬁQCD = —ZGﬁVGA“uV + Z \Pa(lm - m)ab\ybv (23)
f=1

A

where on the gluon side we have G,

which represents the field strength tensor, defined

as

G4, = 0,A;) — 0,AL — g fABCALAD (2.4)

where g, is the strong coupling constant. On the quark side we have the four-component
Dirac spinor W', Finally we have introduced the Feynman slashed shorthand to denote

contraction with the ~-matrices and the covariant derivative, which is defined as

(Dp)ab = Opdap + igs (At . (2.5)

"We have omitted the explicit flavour index f, because it is always possible to diagonalise the mass

matrix of the quarks in flavour space [9, 10]
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The QCD Lagrangian Eq. (2.3) is invariant under the local gauge transformation

U(z) = ¥'(z) = U(z)¥(x)
/ —1 i -1 (26)
Au(z) = Ay(z) = U(z)Ay(z)U () + ;(%U(w))U (z),
where U(z) = exp (i604(z)t*) and A, = Aﬁ‘tA.
The Lagrangian Eq. (2.3) allows us to specify a generating functional for the theory

in terms of the path integral

ZQCD[‘L 77777] :/DA“ DY DY x

X exp [z / d'z (Lqep + AT+ Uy +q0) | >0
from which we can calculate Green’s functions of the theory?:
(QUT{F[A,, ¥, U]} |Q) = /\// DA, DU DU F[A,, U, U] ¢iSacnAn¥.0] (2.8)
where Sqcp is the QCD action
SqcplA,, U, 0] = /d%ﬁQCD[AM,\P,\I’], (2.9)

F[A,, U, V] is a functional of the fields, T' denotes the time-ordering of the quantum
fields, |Q) is the vacuum state of the full interacting theory and N is a normalisation
factor, fixed by demanding that (2|Q2) = 1. From the Green’s functions of Eq. (2.8)
we can compute the S-matrix elements, and, subsequently other measurable quantities
by making use of the Lehmann-Symanzik-Zimmermann (LSZ) reduction formula [11, 12],
which relates S-matrix elements to scattering amplitudes.

By construction, the action Eq. (2.9) is invariant under the local gauge transformation
Eq. (2.6), this poses a problem to the path integral formulation of the Green’s functions
as defined by Eq. (2.8), in the path integral we sum over physically equivalent field con-
figurations. This redundancy can be removed by the addition of a suitable gauge fixing
term [13] to the Lagrangian Eq. (2.3). A particularly convenient choice for calculations is

the family of covariant gauges defined by

1 2
Lor = ~% (omAh)” (2.10)

this gauge fixing term must be accompanied by a ghost Lagrangian to preserve unitarity?®

Lenost = (0" (DABAB) (2.11)

2To be pedantic Green’s functions are vacuum expectation values of time-ordered products of fields.
3The Ghost fields serve as negative degrees of freedom that cancel the effect of unphysical gluon polar-

isations that emerge from the gauge fixing procedure.
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where x4 is a ghost fields, a complex scalar field that obeys Fermi-Dirac statistics—the field
is anti-commuting. £ is a free parameter called the gauge parameter, it defines which of the
family of covariant gauges that we use. Now that we have specified the renormalised QCD
Lagrangian complete with gauge fixing and ghost terms we can determine the Feynman

rules of QCD, we report them in our conventions in appendix. B.

2.3 The ultraviolet structure of QCD

Beyond leading order in perturbation theory, the Lagrangian in Eq. (2.3) does not by
itself allow us to compute physical quantities. A problem arises when we wish to compute
radiative corrections to processes involving particles charged under SU(N,.). When we
compute virtual (loop) corrections to a process involving particles charged under SU(N,),
we encounter divergences when the momenta of the particles running in the loop become

arbitrarily large. For example consider the one-loop two-point diagram given by

p+k

d*k 1 A 1 Adk
I= ~ i dk k3 ~ i — ~ lim logA . 2.12
/ o g ke ™ A | GEE A g~ fim log AL (212)

Singularities of this form are called ultraviolet (UV) divergences, and are built into the
formulation of QFT: we must sum over all possible momentum values of this virtual
particle. This amounts to saying that we consider the quantum field theory to be valid
up to an arbitrarily high energy scale. Naturally we do not believe this is true, and we
expect that at some high energy scale the QFT will cease to be predictive?.

In a renormalisable theory UV divergences can be absorbed in a redefinition of the
parameters (the strong coupling constant, gauge fixing parameter and quark masses) and
fields of the Lagrangian. we must construct a new renormalised Lagrangian replacing the
fields and parameters by their new renormalised counterparts. The values of the redefined
parameters are then set by comparing the theory to experimental measurements. In prac-
tice it is usually much simpler in massless QCD, where we only have two parameters: the
coupling constant and the gauge fixing parameter. When considering only gauge invari-

ant quantities we only have one parameter left: the coupling constant. The renormalised

*In fact one can consider QFTs to be low energy effective field theories (EFTs) of some currently

unknown high energy theory.
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coupling constant and fields are the only new ingredients necessary to perform calculations
in massless QCD.

Before we can absorb the divergences into the renormalised quantities, we must isolate
them. A particularly convenient and elegant way to do this is to make use of Conventional
Dimensional Regularisation (CDR)[14-16], a regularisation scheme that preserves both
Lorentz and gauge invariance. Throughout this thesis we will work with CDR in d = 4—2¢
dimensions. In the context of CDR, divergences appear as poles in the parameter ¢. By
making use of CDR we are able to isolate the UV divergences. Considering again the

integral in Eq. (2.12) we regulate using CDR and keep only the leading divergent terms

d% 1 1 i 1
I= / )i p+ k2R 1672 | o), (2.13)

we see the expected single pole structure that corresponds to a UV divergence.

Next we must supplement the regularisation procedure with a renormalisation condi-
tion. In QCD there is no physically motivated renormalisation scheme, this is in stark
contrast to Quantum Electrodynamics (QED) where the on-shell scheme emerges quite
naturally as the renormalisation condition. This freedom leads us to choose a renor-
malisation scheme that is convenient for performing calculations, the modified minimal
subtraction scheme (MS). In the MS scheme the counterterms are chosen such that they
contain only the poles and some universal terms that appear due to the use of CDR (log 47
and g terms). Really the MS scheme is a family of renormalisation conditions depending
on an arbitrary scale p at which the subtraction of the UV divergences is performed— the
scale y has dimensions of mass and is introduced due to our use of CDR.

Renormalising the bare coupling constant o in the MS scheme with the subtraction

taking place at a scale u leads to

00135, = (12 1 = (1) 2 1 02 ( ) ro@e)| . @

where the coupling constant «y is related to coupling gs in Eq. (2.4) by the relation

_ %

= 2.1
& (2.15)

Qs

Se = (4m)e”“VE, the typical phase space factor of CDR and ,u(% is a mass parameter
introduced in CDR to ensure that the coupling constant of the Lagrangian remains di-
mensionless. The coefficients Sy and 51 are the first two coefficients of the QCD S-function.
We report their expressions in Egs. (C.2) and (C.3). We can write the relation between

the bare and renormalised coupling parameter Eq. (2.14) more compactly as

ag = Za, (Nz)O‘S(N2) ) (2.16)
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where Z,, is the coupling renormalisation factor. We know that the bare parameters
of the theory are independent of u, they cannot depend on the arbitrary scale that we

introduced for the purposes of renormalisation

5 d

0 _
From the p independence of the bare coupling parameter we can derive the QCD S-function
das(p?) 2 2 1 dZa (1)
— = s = —qg . 2.1
log 12 Blas(p”)) = —as(p )ZQS(MQ) log 12 (2.18)

The B-function describes the dependence of the renormalised coupling parameter on the
arbitrary subtraction scale u. The S-function can be expanded as a perturbative series in

the coupling constant
Blas) = —eas(p?) — a3 (p?) Y Bual (1), (2.19)
n=0

usually we are only interested in the d = 4 part of the S-function, the second term on
the right hand side of Eq. (2.19). The running of the coupling constant Eq. (2.18) can be
solved in the perturbative regime, and at lowest order we find

12
(6%
au(u?) = —) (220)

1 =+ OZSBO 10g F

where 1/ is an initial scale at which the coupling is known. We will now call the scale y by
its conventional name, the renormalisation scale. Looking at Eq. (2.20) we can determine

the behaviour of the coupling constant as we vary the renormalisation scale:

1. Asymptotic freedom: p — oo
At high energies QCD becomes more weakly interacting and tends towards a free
theory in the very high energy limit. This means that for processes characterised by
very high momentum transfer, perturbation theory provides an excellent approxim-

ation to the full theory.

2. Confinement: y — 0

At low energies QCD becomes strongly interacting, and perturbation theory fails.

This behaviour is a consequence of the sign of the QCD S-function, which is turn is due

to the field content of QCD.

2.4 The infrared structure of pQCD

In calculating QCD cross sections we encounter not only UV divergences, but also infrared
(IR) divergences. These singularities differ from those of UV origin in that they cannot

be renormalised away as parameters in our Lagrangian.
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We can trace physical origin of IR divergences by considering a simple 2 — 2 scattering
process with an outgoing quark-antiquark pair and then allowing the outgoing quark to

emit a further gluon. Such a process is shown in Fig. 2.1 where p,, pz and p, are the

Figure 2.1: Feynman diagram for a generic scattering and a ggg final state.

momenta of the quark, antiquark and gluon respectively. Let us examine the amplitude
for the gluon emission, to do this we consider the fermion propagator before the emission

of the gluon, expanding the denominator in terms of energies and angles we find

1 1
(pg + pg)? - 2E,E4(1 — cosfyq)

(2.21)

We see that if either the energy of the gluon E,, or the angle of the emission between the
quark and gluon 6,4 goes to zero the propagator diverges. We refer to the £, — 0 limit
as soft, and the 6,, — 0 limit as collinear, these are the two types of IR singularities. We
may also be concerned that the £, — 0 limit also gives rise to a singularity. This is not
the case however, if we take into account the spinor of the outgoing quark we find that
the limit F, — 0 gives rise only to an integrable singularity.

The IR singularities are related to long-distance physics, outside the realms of standard
perturbation theory. We can see this by examining the fermion propagator further. The
propagator is off-shell by an amount AE? ~ 2p, - p,. This small off-shell contribution
means that the virtual quark is long lived, surviving for a time At ~ 1/(2p, - py)° before
the gluon is radiated, this longevity corresponds to long distance effects. The virtual
quark is able to travel an arbitrary distance if the radiated gluon is sufficiently soft and/or
collinear.

The origin of IR singularities is intrinsic to the construction of QFT. We assumed that
we could construct asymptotic states that are free of all interactions, this is not justified

if a particle can propagate an infinite distance before radiating soft particles. It may seem

5Including the boost to take into account the motion of the quark-gluon system gives us this contribution.
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like all is lost and we will be unable to compute anything observable in pQCD, but we are

saved by the theorem of Kinoshita, Lee and Nauenberg (KLN) [17, 18] which states:

Observable transition probabilities are free of IRC singularities, provided that

we sum over all indistinguishable configurations.

In the context of scattering amplitudes in pQCD this means that when we sum over all
possible configurations, the IRC singularities from the virtual corrections exactly cancel
against those of the real corrections. This holds at every order in perturbation theory,

ensuring that we have an observable prediction that is finite at any order.

_|_

2.5 Hadronic cross section in e"e~ annihilation

Having considered the IR behaviour of QCD it is instructive to carry out a simple cal-
culation to see how it works in practice. Electron-positron annihilation into hadrons is
a process with a long history, it is a cornerstone of QCD phenomenology and is perhaps
the simplest process that can be described using pQCD. The simplicity arises from two

particular features:

1. The initial state particles have well defined energies
In a lepton collider we can prepare initial states electrons with energies fixed by the
experimental configuration, this allows us to determine the centre of mass energy of
the event at a very high level of accuracy. In contrast at a collider involving hadrons
we can prepare the energy state of the hadrons as in a lepton collider however the
centre of mass energies of the hard scattering process depend on the the energies of
the quarks and gluons — referred to as partons in the context of collider physics —
that make up the hadrons and as a result the centre of mass energy varies between

collisions depending on the momentum fraction of the reacting partons.

2. The interaction proceeds via an s-channel electroweak interaction
Processes mediated by electroweak interactions provide a “clean” final state envir-
onment to study QCD effects. All of the measured partons must belong to the final
state of the event, the incoming leptons do not radiate any partons. Again contrast
this with collisions involving initial-state hadrons, where we may see partons due to
initial state radiation, hadron remnants or due to secondary interactions between

remnants of the initial hadrons.
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2.5.1 Leading order
To begin we will first compute the leading order contribution to ete™ — hadrons, this

is due to the process eTe™ — ¢¢. The Feynman diagram and kinematics for this process

is shown in Fig. 2.2. Where, for simplicity, we will neglected the contribution due to the

e q

Figure 2.2: Feynman diagram for eTe™ — ¢q.

Z boson in our calculation. Using Eq. (2.2) we can write down the cross section of the

leading order process

Ohad,0(8 /d‘I)z D> [(Meter —qq)|”, (2.22)

spins.

where we sum over the final spin states of the quarks and averaging over the initial spin
states of the leptons and include the flux factor 1/2s.

The squared amplitude summed over final state spins, colours and quark flavour and
averaged over initial state spins can be factorised into a tensor describing the leptonic part

L* and a tensor describing the hadronic part H,,

n Z |M‘ LMV ,ul/a (2.23)
splns
where s is given by
§=q" = (De= +Pet)” = 2pe— - Pe+ = (g +Pg)” = 2pq - Dg» (2.24)

where all of the fermions are assumed to be massless.
The leptonic tensor corresponds to the square of the leptonic part of the Feynman

diagram in Fig. 2.2 and is given explicitly by the cut diagram

Pe-
e N

I MQW v =e® (plpls + 0" 0= — pe- - per 9*) (2.25)
N

DPe+

o =

AN
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The expression for H,, is very similar to L*” except with momenta p,, p; replacing
De—, Pet, an additional prefactor taking into account the different electric charges of the
different quark flavours )y and the number of colours V.. Taking these into account the

hadronic tensor is

H" = ANee® Yy QF (0hpg + pivy — v pag™). (2.26)
7

Further both of these tensors satisfy
g =¢"H,, =0, (2.27)

as a consequence of gauge invariance.
We can now write down an expression for the squared matrix element. But first we
must decide on which variables to use. In the following we adopt Mandelstam variables,

defined for 2 — 2 scattering kinematics as follows

s = (pe* +pe+)27 t= (pe* _pq)Qa U = (pe* _p(?) . (228)

The Mandelstam variables have some convenient properties: they are Lorentz invariant,
which allows us to keep the expression for the squared matrix element as general as pos-
sible. At no point did we have to specify a reference frame. Further to this the Mandelstam

variables satisfy the following sum
s+t+u=0. (2.29)

In terms of the Mandelstam variables we find the squared matrix element is

2 2 g
- Z ‘M ete” qu —QeN ZQQt u’ —es . (2.30)

splns
This is a compact expression of the squared matrix element and is Lorentz invariant by
virtue of our choice of Mandelstam variables. However Eq. (2.30) includes more inform-
ation than we need for this calculation. In fact Eq. (2.30) contains information on the
spin correlations between the initial and final states (this is referred to as the event ori-
entation). The observables that we will study in this thesis will not depend on the event
orientation and so we should find a way to remove it and simplify our calculations.

To remove the event orientation we first consider the more general cross section for
ete” — X, where X is a final state containing only quarks and gluons. In d-dimensions
this cross section can be written as follows

1 1
o = 2SLWSQ/d<I>XH§”, (2.31)
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where we note that only the hadronic tensor depends on the momenta of the final state
particles. In Eq. (2.31) we integrate over the momenta of the final state particles, following
this integration the only remaining free variable is ¢ (= s), and the only available quantities
to carry the Lorentz indices of HY are g"” and ¢*. Hence the most general result of this

integration must be of the form
/dqbX HY = Hi(q%)g"" + Ha(q*)q"q" - (2.32)

To make further progress we contract Eq. (2.32) with ¢* and impose gauge invariance

using Eq. (2.27), the result is as follows
qM/déx HY = (Hi(¢*) + ¢°H2(¢*)) ¢" = 0. (2.33)

In general ¢¥ # 0 and thus the only way to satisfy Eq. (2.33) is relate H; and Ha according
to Hi(¢?) = —¢*?Ha2(q?). Now we must isolate H; so that we can cast it into an explicit
form, from which we can calculate it. To do this we contract Eq. (2.32) with negative of
the metric tensor

lLl/ _ uv quV 2 _ 2
g / a0y HEY — —g,, <g - )H1<q )= —(d - DH(¢), (2.34)

for convenience we define Hx (¢?) = —H;(q?)/(d — 1), and rewrite Eq. (2.32) as

o1 , "¢
/dcpx HY = —— <—g“ + qu ) Hx(¢?). (2.35)

Combining Eq. (2.32) with Hx(¢?) defined in Eq. (2.35) we can isolate Hx (¢?) and find

Hx(¢%) = gW/dcbX HEY. (2.36)

We are now in a position to write down the orientation averaged cross section. We replace

the Hadronic tensor in Eq. (2.31) with the averaged version from Eq. (2.35) to find

1 , 1
031( =—(—g" L/W) 7HX(Q2)
2s s (2.37)
- ieﬂulHX(q?)
25 2d—1s ’

Finally we can drop the integration over the final state momenta in Eq. (2.37) and work
at the level of the matrix elements. Returning to the case of eTe™ — ¢q we can write the

orientation averaged matrix element as follows

1 o 2\ o2 aald—21
<4PZ\M(€ e —qq)| >—€M 59" Hw)
spins. 2‘38
4 2(4-d) (d—2)2N 2 (239
= IS N) Q7
7
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What is particularly striking about this matrix element is that it has no dependence on
the external momenta, it is a constant. And so we are free to integrate inclusively over

the two-particle phase space to determine the leading order cross section

4—d
g (AT 2 3y/7(d—2)?
d = _ 2(4—d) [ 2T oymad — 2)"
Ohad,0 = Thad,0 ¥ ( 5 > 21 (1) (2.39)
where op,,q,0 is the cross section in d = 4, and is given by
dma®
Thad,0 = —5 N ZQ% (2.40)
!

2.5.2 Next-to-leading order

To compute the next-to-leading order (NLO) corrections we must include all possible
diagrams that give rise to squared matrix elements that are O(«ay) in the strong coupling

constant: there are two such contributions.

1. The real correction:
Due to the emission of an extra particle, the square of the real matrix element is

O(as).

2. The virtual correction:
Due to the inclusion of a loop, the interference of the virtual matrix element and the

LO matrix element is O(as).

The real correction

First let us consider the real correction due to the emission of an additional particle.
There is only one process with an extra parton that is compatible with QCD, which is
ete”™ — qgg. There are two Feynman diagrams for this process as the gluon can be
emitted from either the quark or the anti-quark. These Feynman diagrams are shown in
Fig. 2.3.
As before we appeal to Eq. (2.2) to write the cross section of the real process
afad 1= 1 /d@gl Z ‘M(e+e_ — chg)‘z, (2.41)
’ 2s 4 &
spins.

notice that we are now integrating over a three-particle phase space due to extra emission.
And once again we are able to decompose the squared matrix element into a leptonic
tensor (the same tensor as before) and a hadronic tensor (different to the previous tensor).

Considering the orientation averaged squared matrix element we have

e21d—2

1
1 Z (M(eFe™ — chg)|2 = S9d-1 Z IM(v* = qqg)|?, (2.42)

spins. spins.
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Figure 2.3: Feynman diagrams for ete™ — ¢qg.

where we only need to calculate the hadronic tensor by considering the decay matrix
element v* — ¢gg. The calculation is a straightforward exercise in y-matrix algebra and
we find the following result in d dimensions

Z ‘M(’Y* - qqg)F = 32WQSM%CF62NCZQ?"
!

spins.

% [(1 — €)Sgg 4 (1 —€)sqq n 2 [5qq (S4g + Sqg + Sag) — €Sqg54g) . (2.43)
Sqg Sag SqgSag
Three particle final states containing no information on event orientation can be para-

metrised in a very convenient way in terms of energy fractions defined as follows

2q-pi _
€Tq = q2 : ) t=4q,49,9, (244)

where we consider only the final state particles in the determination of the energy fractions
and we label them according to their flavour, further in the centre of mass frame the energy
fractions adopt the particularly simple form z; = 2E;/\/s. From the definition we are able
to derive some constraints on the energy fractions. To begin we compute the sum of all

the energy fractions

2q- (pqg +pg+pg) 2
zz:xi: R :%(EquEquEg):z (2.45)

Making use of energy-momentum conservation the z; satisfy
0<z; <1, z;4+x;>1, with i#j,and 4,57=4q,q9. (2.46)

These properties are sufficient to determine the matrix element and phase space in terms

of x;. The real cross section takes the form
1 1 2 2
R Qs Tq + 23
Ohad.1 = Ohad,0 C'F/ dz / dzg . (2.47)
add ¢ 2t Jo T Sica, T (1 —ag)(1— )

Notice that in Eq. (2.47) we have the usual IR divergences of massless pQCD:
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« Ty — 1,

corresponds to the antiquark and gluon becoming collinear.

. LL‘q—)l,

corresponds to the quark and the gluon becoming collinear.
e 4 — land x5 — 1,
corresponds to the emission of a soft gluon.
The virtual correction

Next we consider the virtual correction due to a loop.

Figure 2.4: Feynman diagram for the one loop correction to v* — ¢q.

Again we start from the symbolic expression for the cross section of the virtual cor-
rection, which is given by

oYt = / AP, Z 2Re [MO*(c*e™  qMD (e 5 qp)] . (248

spms

notice that we are integrating over a two particle phase space, there are no extra resolved
emissions in this integral. We also see that the matrix element structure is a bit different
to what we have encountered so far. The virtual correction is determined by interfering
the one loop correction with the tree level. Rather than computing the matrix element
1 * _ _ _ _
1 Z 2Re [M(O) (eFe™ = g))MW(eTe™ — ¢q) (2.49)
spins.

directly, it’s easier to consider the one loop QCD correction to the QED vertex instead.

This is determined from the integral

i 9 9 Al WP (P, + )" (K —p)vpv(pg)
Tlpo) T opy) = —igon’ CF/ @2m)? [(pg + k) + i€l [(k — pg)® + ie][k2 + ie]

from which we can easily determine the virtual corrections using the technique of Feynman

(2.50)

parameters to evaluate this integral.
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The total correction

Carrying out the evaluation of equations (2.41) and (2.48) in CDR we find respectively

a 1 42\ 2 3 19
s =omCrirg (0) [ i-T ey 0w e
v o s 1 4%;1%2 ‘ 2 3 9
Thad,1 = Uhad,OCF%F(l =) < 5 —a ot o84 O(e)| - (2.52)

Both contributions to the NLO cross section contain IR divergences. Summing them to

obtain the NLO correction to the cross section we find

R v as(p?) 1 A\ [3
Ohad,1 = Ohad,1 + Ohad,1 = Thad,0CF 2 Ta—o \ s 2+ O(e)| , (2.53)

which is finite—as we had anticipated due to the KLN theorem. We can now safely take
the ¢ — 0 limit and add the LO cross section to find the prediction for the total cross

section at NLO accuracy

3 g
Ohad($) = Ohad,0 <1 + 505’% + O(a?)) . (2.54)

2.6 Matrix element factorisation

Now that we have performed a simple calculation in pQCD it is essential to consider the
IR limits with more generality. In doing so we can determine systematically where they
will occur. Understanding these limits will allow us to determine the singular structure
of QCD amplitudes at all-orders in ay. It is this factorisation that allows us to compute
resummations in QCD, which is the core subject of this thesis. For now we will system-
atically identify the IR limits of QCD squared matrix elements. Computations in pQCD
are technically quite involved and thus good organisation of our calculations is essential.
To that end we must introduce some rather abstract notation. Such notation is necessary
to determine the limits of QCD in the generality that we desire.

We consider renormalised matrix elements with m coloured particles in the final state.
Any number of non-coloured particles may also be present, but any notion of these particles
will be suppressed in our notation. We will label resolved partons with 4,4, k,... and

unresolved ones by r and s.

The colour indices of the partons are denoted by ¢;, and span A =1,..., N2 — 1 for
gluons and @ = 1,..., N, for quarks and anti-quarks. Spin indices are denoted by s;,
and span u = 1,...,d for gluons and s = 1,2 for massless fermions. We introduce an

orthogonal basis of unit vectors |c1,...,¢n) ® |s1,..., Sn) in the space of colour and spin,
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in such a way that the amplitude of a process involving m external partons, ./\/l,{ff[ 1 }({p 1})

with definite colour, spin and momenta {p;} can be written as

MELCmiSteSm () 0 p) = ( (€1...0m|® (s1...5m] ) |IMi(P1, -y Pm)) - (2.55)
Thus |M,,) is an abstract vector in colour and spin space and its normalisation is fixed
such that the squared amplitude summed over colours and spins is

STS T IME eI (o g2 = (Mo (D) Mo (D1 ) (2.56)

colour. spin.

The matrix element has the following loop expansion:
M) = MDY + MDY+ (2.57)

where \/\/L(g)> denotes the tree-level contribution, W,SP) the one-loop contribution, and
SO on.

As for the colour structure, it is convenient to associate a colour charge T; with the
emission of a gluon from each parton i. If the emitted gluon has colour index ¢, the
colour-charge operator is:

T, =717 |c) (2.58)
and its action onto the colour space is defined by

(2.59)

Cmbm

<Cl,...,Ci,...,Cm|’fic|b1,...,bi,...,bm> :501b1'-‘TC-bi~-'5

Ci

where T7, is the colour-charge matrix in the representation of the final state particle 7,
ie. TBf‘C = —ifapc (or equivalently Té‘B = ifcap) if the emitting particle i is a gluon

and T4 = (t1) 4 if the emitting particle 4 is a quark (in the case of an emitting anti-quark

TH = Y = =t ).

The colour-charge algebra is:
T, - T, =T, T; if i#j; T?=¢ (2.60)

where C; is the Casimir operator, i.e. C; = C4 if i is a gluon and C; = Cp if ¢ is a quark
or antiquark.
Note that by definition, each vector |M,,) is a colour-singlet state. Therefore colour

conservation is simply

m
(Z TZ-) M) =0. (2.61)
i=1
A more complete review of this notation and the colour-space formalism can be found in
Refs. [19-22].
Now that we have set up our notation we can set about determining the behaviour of

a general QCD matrix element when a single parton becomes soft and/or collinear.
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2.6.1 Collinear factorisation

In general for a single parton becoming collinear, this behaviour is captured in the universal

collinear factorisation formula

1 A
Cirl M| = Smaspi®®— (M PR IMED) (2.62)

ir)—i+r
ir

where 15(.0 )

(ir)—sitr is the unregulated leading-order Altarelli-Parisi (AP) splitting function

describing the process of a particle of flavour (ir) splitting into two particles of flavours
1 and r. We will derive explicit expressions for these functions in this section. C,,. is
an operator that takes the collinear limit of the particles ¢ and r keeping only the most
singular term.

The limit where the momenta p; and p, become collinear can be precisely defined by

letting k; — 0 in the Sudakov parametrisation of the momenta

k2 nt

Pl =z + K — = — (2.63)
Zi Spn
k2 nt

Pl =zt — k) — an (2.64)
Zr Spn

where z; + z, = 1, the momentum p denotes the collinear direction and n is an auxiliary
vector required to specify the transverse component k. The following relations hold for

massless partons in this parametrisation
pPP=n’=pl=p>=0, k.-p=k, -n=0, ki<o0, (2.65)

notice that by construction p, n, p; and p, are light-like and &, is space-like. There is
one further identity that we observe in the collinear limit that will be necessary for our

analysis
G
Sir = — R ]ﬁ_ — 0. (2.66)
ZiZry

Through the Sudakov decomposition we have a notion of collinearity. To determine

which diagrams we must compute we appeal to the following theorems:

1. The leading collinear singularities are due to the collinear splitting of an

external parton

2. In a physical gauge, the interference Feynman diagrams obtained from the
2
squared matrixz element |./\/l$2)+1| in Eq. (2.62) are collinearly suppressed

[23-25].

Making use of this theorem we need only to consider the cut graphs that account for the

splitting of a single external parton. There are three distinct cases that must be considered,
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we will now treat them each in turn. To make the notation more tractable we will adopt
the following shorthands. We denote the spin dependant part of the gluon propagator by

Puny + NPy
duy(p7 n) = _guy + 'upin'u y (267)

where p is the gluon momentum and n is an auxiliary light-like vector, and we will denote

all of the momenta p;, p,,... by their Latin subscripts ¢,r,....

Collinear ¢ — g + g splitting

Pbr

G

Dir Di Dir

Figure 2.5: Cut diagram for the process ¢ — ¢+ g

In the case of a quark splitting into a quark and a gluon, we must compute the cut

diagram in Fig. 2.5. From this diagram we derive the squared matrix element

9 9l +7
Sir

i+
Cq—qg = Crgsp

mr

i+ v runy +nury | 4+
= Crgsp* = L | =g + a— i

O [ B 41.

Sir

Wul'yydlw (Tv ’I’L)

(2.68)

Sir

where we have included the propagator of the quark with momentum p;. = p; + p, as this
is necessary to compute the full m+1 parton matrix element. Some straightforward Dirac
algebra yields

Cogqg = 4m5u260F; [(d —2)f + an (28ind + Sinf + Srnd — sw;i)] : (2.69)

We now insert the Sudakov parametrisation of Eq. (2.63) to expose the collinear limit

1 1
Coqg = 47rozs,L02€CF? [(d —2)zr + ;(221‘2 + zizr + ZTZZ’)} p+ O(kll)

(2.70)

1+ 27
Zr

= SWQSMQELCF - EZT:| P+ O(kll) .

Sir
We have kept only the most singular terms, those scaling as (’)(kzlz). And from Eq. (2.70)

we can extract the LO AP splitting kernel which is a matrix in the spin state of the
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unresolved parton. We insert a complete set of spin states into Eq. (2.62) and find

€ 1 A
Cirl My | = 8masy™ =3~ (MD]s) (s| PP, |8) (1M . (271)

ir
8,8’

The m+ 1 parton matrix element is factorised into an m parton matrix element and a uni-
versal collinear splitting function. The collinear splitting function has a universal prefactor
8masu?¢ /s and a spin dependent piece given by the AP splitting kernel. Comparing to
Eq. (2.70) we see that the AP splitting kernel takes the form

1—{—zi2

Zr

(51 PO 20, K13 €) [8') = Ce [ - ] S (2.72)
which is diagonal in the spin state of the unresolved parton®. We have dropped the factor P
that appears in Eq. (2.70) as it belongs to the m parton matrix element. This is because in
our computation we included the quark propagators, which take into account the external
spinors. These spinors belong to the m parton matrix element and thus are not a part of

the AP splitting kernel.

Collinear g — q + ¢ splitting

Figure 2.6: Cut diagram for the process ¢ — ¢+ ¢

In the case of a gluon splitting into a quark and an antiquark, we must compute the

5The ¢ — g + g splitting function is diagonal in spin space due to helicity conservation which is a

consequence of the vector nature of the quark-gluon vertex.
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cut diagram in Fig. 2.6. From this diagram we derive the squared matrix element

dhP (i +r n) d°’ (i +mr,n)
2e )
Corqq = Amasp™Tr 7” T ypl 07‘7“"
1 B L (i p
— 16manp TR|: Mp+2(z+r)n +n(z+r)]
Szr S(ir)n

(2.73)

S(iryn

1
= 16 p® —Tr [F)" + F{" + F* + F}"]

i
where the functions F}" are defined according to the power of S(iryn = Sin + Srn in the

denominator. These functions take the explicit form

1
By = i i = g, (2.74)
Y= [—iF (i +7)"spn — (i +1)"sin + 0 (i 4 1) 551] (2.75)
S(ir)n
1
By = 5 — R0+ 7)"(i + 1) sinsen] - (2.76)

(ir)n

We now insert the Sudakov parametrisation of Eq. (2.63) to expose the collinear limit

F}Y = 222pMp" + (20 + 2:) (K p” + pKY ) — 2K kY

ir 1 —
(2 4+ ) (P )5 g s + O (kL) (2.77)
pn
F{W + FIU# = —4zi2p"p" + (20 — 2r) (kipy + p#klj_) + O(kl?)) ) (2.78)
FIY = 2z;2,p"p" + QZzZTS (p"n” +ntp”) + O(k?). (2.79)
on

Inserting these pieces back into the expression for Cy_.43 we find

1 1 Si _
C0a = mmsu?es—zTR [—29’“‘”% = 2KKL + = (' n“p”)] +O(k.")
pn

KK, N ptn? + ntp¥
kf_ p-n

r

(2.80)

= 87Tasu TR [ My Az, —
Sir

] +0(k).
r
This expression contains gauge dependent terms in the form of n* dependence. Due to
gauge invariance these terms must vanish when the collinear splitting term is contracted
with the full squared matrix element, and so we drop it from our explicit form of the AP
splitting kernel. Again we insert a complete set of spin states, onto this for the unresolved
gluon into Eq. (2.62) and this time we find
0 1 5(0
Cirl MG = Smasu® =3~ (MWD |) (1l B ) IMD) . (281)
Wy

Comparing this to Eq. (2.80) we see that AP splitting kernel takes the form
H k.l/

| (2.82)

< | g—}qq(zi)zrakL;f)|V> :TR|: Ry +4ZzZr
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which is not diagonal in the spin state of the unresolved gluon. In this case we see that
Eq. (2.80) does not contain explicit forms of the external polarisation vectors e# and €”*.

This is because

Cgiqq = d/w'(i + T)Cgiqqdllk(i + T) ) (283)

we see that the factors for the external gluons are present but hidden, recalling that

*

d,uzz(p) = €u (p)ey (p)

Collinear g — g + g splitting

Figure 2.7: Cut diagram for the process g = g+ g¢

In the case of a gluon splitting into a pair of gluons, we must compute the cut diagram

in Fig. 2.7. From this diagram we derive the squared matrix element

CHv. = drap*Cy

dnu‘ﬁ . —+ s . . - ) ) da’y . + 7
9—99 Mvpaﬁ(z +r,—i,—r)d*7 (i, n)Vg,y(;(—Z -1, 7“)d55(7"7 n)M

14 Sir
1
= dma,p* = Co [F + Fy" + Ff" + F{" + F)]
ir

(2.84)

where we again define functions Fj" in terms of the power of S(iryn in the denominator.
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This time the functions take the explicit form

FIY = (1= e)(i 4 )P (i +1)” — ditr 4 2itp7 20 4 gy 20

Sin Srn
4sy v oV v
(Spnrfn” + sipi*n” — sintn')
SinSrn
+2 (S’"" + 5”“‘) (" + (i + r)Fn” — g"sir) | (2.85)
Sin Srn
P = [i#(i + 1) (1 = 2€)(Sin — Srn) + (i + 7)P(i + 1)V (1 =€)
S(ir)n
2
+nt(i4+7)" s + SZ—"(Z + )i+ 1)
Srn
= (5 ) ks )| (2.56)
Sin Srn
2
By = [2(1 = €) (i + ) (i +7)" (Sin + 5r0)?] - (2.87)
S(iryn

We simplify these expression using straightforward algebra, add together all of the terms,
insert the Sudakov parametrisation and keep only the leading singular pieces to find

44

9" (1 — 2z;2,) — 8(1 — €)(zirH — zpit) (zir” + 2,1")

Cllgg = Arorg CA[

PeT

Sir 4 (v i (o i VY £ P4 ) (3 — 22:) 2 —
+%Zi2r ((Z + )( r z)+(( + ) + ( + ) )((3 2 Z) i 2)>:|

+0(k).
(2.88)
We cast the expression into its more conventional form by extracting the universal singular
term 1/s;,. and find
2

e 1 5
Cgtigg - 477-0‘5#2 CAT |:8(1 — E)kiki —4 <Z + Z:) g,uzzsir

ir T

. LoV LoV

Zy Zi Spn

(2.89)
; k' k
= 8mavg —20,4 [ e <zl + ZT) —2(1 — €)ziz, J‘QL
Sir Zr 2 k1
zZi  zZr\ ntp¥ + ptn¥ 1
-(Z43) R o,
From Eq. (2.89) we find the LO AP splitting kernel
2 oz K kY
(] g%gg(zi,zr,kzbe) |v) =2Cy [—g‘“’ (l + T) —2(1 —€)ziz, QL (2.90)
Zr % k1

Again the factors from the external gluons are not explicitly present.

Spin averaged splitting kernels

Equations (2.72), (2.82) and (2.90) lead to the more familiar form of the d-dimensional

splitting functions after averaging over the polarisations of the unresolved parton (ir).
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The d-dimensional average is obtained by means of the factors

1
50 (2.91)

for a fermion, and (the gauge terms are proportional either to p* or to p”)

1 1
7ot (p) = 30—

(—guw + gauge terms) , (2.92)

with
- guyduu(p) =d-2, p“dw,(p) =0, (2'93)

for a gluon with on-shell momentum p. Denoting by <15(.0 )

(ir)—itr

> the average of pO

ir)—i+r

over the polarisations of the parton (ir), we find

(PO (aii)) = 0 [FE2 -] (2.94)
(PO)yylzin20:6) ) = O [1 *2 - ] , (2.95)
(B yq(zis 25 €)) = T [1 - fzﬁ , (2.96)
<Pg@>gg(2i, Zr; 6)> =2C4 [Z: + %Z + zizr] : (2.97)

2.6.2 Soft factorisation

In the soft limit a gluon can be emitted from any of the external legs, and as a result
we cannot use cut graphs, instead we must factorise at the level of the amplitude. We

introduce the operator
0
Sy (el MU 1) = goep(9)3%(5) IM(D) | (2.98)

which takes the soft limit of the amplitude, keeping only the most singular term. The
factor J is the soft gluon current and ¢, is the colour of the soft gluon. For the squared

matrix element this implies the following factorisation
2
SAMGl = dragei(s)e)(s) (M]3 ()3 (s) M)
= —8ma ™ Y Sij(s) (MO Ty - T M) (2.99)
ij=1
+ gauge terms,

where we have used e;}(s)e{}(s) = d,,(s) and we have defined S;;(k) as

Sij(s) = 5% . (2.100)
is5js

Si;(s) is the so called eikonal factor.

In the case of a soft gluon emission we have the following theorem:
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1. The leading soft singularities are due to the emission of soft gluons off

external, or, in general, nearly on-shell partons [25, 26].

Soft gluon emission from a quark

Figure 2.8: soft gluon emission from a quark

For the case of a soft gluon emission from a quark line, we must compute the diagram

in Fig. 2.8. From this diagram we derive the amplitude

M7>’\n+1 = g5t (t*)a;b, u()" Eu(s)Mm : (2.101)

Sis
Inserting the parametrisation s = Aq and keeping only the most singular terms we find

1 . v
Mf\n—f—l = gs/f(ts)aibifﬂ(z)'Yuieﬁ(s)Mm + O(AO)

18

— 1 —~

= —gsht (), WD) 7" €) () Mo + 2gsu6(ts)aibi;ﬂ(i)i“eﬁ(s)/\/{m +0(\)
M

- gsﬂe(ts)aibi ﬁez(s)Mm + O()\O)

(2.102)

where we have used the Dirac equation #(i)7 = 0.

Soft gluon emission from a gluon

Figure 2.9: soft gluon emission from a gluon
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For the case of a soft gluon emission from a gluon line, we must compute the diagram

in Fig. 2.9. From this diagram we derive the amplitude

/  dPP (i + s, T . L~
MM = /f—Z (z+ i n)I’gfp?Z(—l, —8,1+ s)e;\t(s, n)e) (i,n) My, (2.103)
18

where in the soft limit the three-gluon vertex takes the form

VYRR, —s,i+8) = —(i + 25)7 g + (20 + s)Pg"P — (i — 5)Pg"
= 2HgYP 4 [—(i + 5)P g — iV gMP] + [shg"P + 25P g — 25" gH*]
~2ifg" —[(i + 5)7g" +"g"].

(2.104)
We use d?”' (i + s,n)(i +5), = 0 and €”(i,n)i, = 0, to derive

. /. isb; . . . . . ra;sbi\o,; /. / .
PP (it 5, TSt (i, s+ 8)eb (i, m) = ga(—i 5 0)200 [d%'(1,n)g" €M (i, m)

= —g(—ifusb) 241N (i, n)
= g (if45%)2i N (i, n) .

(2.105)

Using this we find the final result
4 €/ ra;sh; i“ /
My = gan(if"*") —ep(s,m) My, + O(X°). (2.106)

We see that in the soft limit we have the same kinematic factor but a different colour
structure. These can be combined together into the soft gluon current, making use of the

abstract colour operator T; as defined in Eq. (2.58) and Eq. (2.59)

m

I(s) =Y Ti—. (2.107)

i=1
The soft gluon can be emitted from any of the external legs, therefore the sum in the
previous formula runs over all the external partons. And colour conservation in Eq. (2.61)

implies that the current J#(s) is conserved

spd™(s) IMP) = > T IME)) = 0. (2.108)
i=1

2.6.3 Soft-collinear overlap

There is a region of phase space in which the soft and collinear singularities overlap.
Physically his corresponds to a soft gluon becoming collinear with its emitter. Such a

situation provides the most singular IR contribution to the squared matrix element in
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QCD. To determine the form of the soft-collinear matrix element we must determine the

action of the collinear operator C on the soft operator S or more precisely
0)
ciS, M9, 1" (2.109)

When the soft gluon (r) becomes collinear to its emitter (i) we can simplify the eikonal

factor by noting that in the collinear limit s;; — 2;sp, and sp, = 2-5p%

Sy=—u_ 5 (2.110)
SirSjr Zr Sir

So that we can write the soft and collinear limit as

2 i
CirS, MY, " = —Smau Zj (MO|T; - T; MO (2.111)
T

Making use of colour conservation Eq. (2.61) we can simplify further to find

CirS, | M! +1\ = Sragu? = AT MO (2.112)

Sir Zr

where we note there are no longer colour-correlations between the partons emitting and
absorbing the soft gluon. One further thing is that as we are in the soft limit z, ~ 0 which
implies z; = 1 — z, >~ 1, so we can simplify further to find

2
CiS, !M(°+1\ = 8o . T?!M£2>|2. (2.113)

wr 7‘

We can also consider taking the limit the other way around, first considering a collinear
emission and then taking the soft limit. The algebra is much the same as before, and we
find

S, Cjp | M +1\ = 8o, = T31M§2>|2. (2.114)

87//‘ ZT
We find that for a single soft and/or collinear emission the soft and collinear operators

commute

Sr. Cul MU, | = 0. (2.115)

2.7 Infrared and collinear safety

So far we have examined how the cross-section can be calculated in QCD, the cross-section
is a special kind of observable, called an inclusive observable. An inclusive observable is
one where the phase space weight function F); in Eq. (2.2) is set equal to 1. This is to
be contrasted with ezclusive observables where F; can be a generic function with some

important restrictions that we will come to shortly. We have also studied how QCD matrix



31

elements behave in the soft and/or collinear limits, with this knowledge of the soft and
collinear behaviour of QCD matrix elements we can analyse the more general question:
how do we compute exclusive quantities.

To see what happens we will return to the case of eTe™ — hadrons (where we average
over the event orientation), only this time we will consider an exclusive measurement. We
parametrise the measurement using a jet function. We will do the calculation in the soft
and collinear limits to see the properties that our observable must satisfy to be calculable

within pQCD. In the soft (and optionally collinear) limit

IM(ete™ = qqg)|” = |M(ete™ — qq)| 16ma,Cr (2.116)

Sq95qg
The soft approximation can be applied also to the loop amplitude. In this limit we
can in general neglect powers of the loop momentum ¢ in the numerator if ¢* < \/@,
furthermore in the denominator we can use the fact that ¢ < k; - ¢. The loop correction

to quark-antiquark pair production is therefore proportional to

(pg) "0 (pg) = —iggungF/ (ddk u(pg)V’(p, + )y (F — P)ov(pg)

2m) [(pg + k)2 + ie][(k — pg)? + ie] [k* +ie]  (2.117)
= [a(pg)v"v(pg)|Ls(pg: Pg) ,

where

ddk (2pqg - Pg)
I, 7) = —ig> %2 4 1 . 2.11
(Pg:Pa) ig; " 20r / 4 2p, - k + i€][—2k - pg + i€][k% + i€] (2.118)

The result in d = 4 can be evaluated in the centre of mass frame of the ¢ and ¢ partons

with

Pl =E,(1,0,0,1), ph=E;(1,0,0,—1), k= (ko,k) with k= (ki ,k.), (2.119)

where & | is the vectorial transverse momentum and we define k|, = |E 1|. With this

parametrisation we can recast Eq. (2.118) into the following form

a3k 2 dkg
I, = —ig>u?2C / : 2.120
Wl Z2F | Qm) A kg — ks + €] [—ko — ko + i€][k2 — k2 — k2 + ie] (2.120)
Eq. (2.120) has four poles in the complex ko plane at
ko= k. —ie, ko= —k.+ie, ko ==+(|k| +ie), (2.121)

closing the contour from below we find

d3k 1 (2p, - pg) 1 1
= —g2u*2Cp / 1 + = : , 2.122
gat 217 g W) 2pg B T2 (ks — i) () (2122)
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where the second integral is a pure phase

2 ; )
/dk:zd ki 1 __/dkzkzﬂe/ dky 1 () [dki g g
27m)3 (k. —i€)(k?) k2+ie) (2m)?ke  (2m)2) ko

This phase term is referred to as a Coulomb phase. When considering physical observables

this phase term is often zero, however in the presence of many hard coloured legs this term
can give a measurable effect. For the observables considered in this thesis the Coulomb
phase will always cancel, and so we shall not discuss this term any further.

We can now combine everything together. Once again we use Eq. (2.2) to write down
the cross-section, we take the real contribution from Eq. (2.116) and the virtual contribu-

tion from the first term in Eq. (2.122). In d = 4 we have

1 1 _ 12
o, :2s/d<1>24 3 IMletem = q@)l *FY (g, pe)+

spins.
1 / 1 2 Bk 1 sy
- [ dP2 M(ete™ — qq)| "16ma CF/ e (2.124)
2s 4 szin:& M ) s (2m)3 2|k| Sqg5g

3 2
X [F§ )(pQ?pqvk) - F} )(pq,p(j)} .
e To ensure that the IRC poles cancel between the real and the virtual contributions

the observable must be infrared and collinear safe [27]. Formally this means that

the jet functions Fy must satisfy the following properties

F}"H)(...,pi,m)%Fﬁn)(-.-vpi—lapiﬂ,---) if p; =0, (2.125)
FSD (L pipi. ) = FS (. pi+pjs-. ) if p; | p;- (2.126)

for all n > m, and

Fﬁm)(pl,...,pm)—)o if p; -p; — 0. (2.127)

Equations (2.125) and (2.126) respectively guarantee that the observable is infrared
and collinear safe for any number of n final-state partons to any order in pQCD. The
n-parton jet function F}n) on the right hand side of Eq. (2.125) is obtained from the
original F}nﬂ) by removing the soft parton p;, and that on the right-hand side of
Eq. (2.126) by replacing the collinear partons {p;, p;} by p; +p;. The final condition,
Eq. (2.127) defines the leading order cross section and ensures that the Born level

cross section is finite in d = 4.
These limits must hold not only for a single particle, but also for an ensemble of

partons becoming soft and/or collinear.

e In the case of inclusive observables, for which Fﬁm) (p1y-.-,pm) = 1 for all m, as

was the case in our computation of eTe™ — hadrons. We see that for an inclusive
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observable in the IR limit the cancellation between the real and virtual is complete.

This tells us that the total cross section is unchanged by the emission of soft particles.

In the case of an exclusive, IRC safe observable, the singularities cancel, but the
kinematic dependence of the observable can cause an imbalance in the cancellation
of the real and virtual corrections. In such cases the emission of soft and/or collinear
radiation can have a substantial impact on the observable. These remnants of the
imbalance in the cancellation of the real and virtual manifest as logarithms to all

orders in perturbation theory.
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Chapter 3

Jet observables

In our discussion of QCD we have performed some simple calculations in the perturbative
regime. This is not the full story, QCD is characterised by the phenomena of asymp-
totic freedom and confinement. Asymptotic freedom tells us that at high energies the
dynamics of QCD are those of quarks and gluons, yet confinement tells us that we do not
observe quarks and gluons, at low energies they exist only as bound states in the form
of hadrons. In the SM this peculiar feature is unique to QCD! and it means that what
we measure in a detector are final states consisting of hadrons, leptons and photons, not
quarks and gluons. Between the hard scattering event (that we can compute in pQCD)
and the measured final state the formation of hadrons will take place via the mechanism of
hadronisation. Hadronisation is an entirely non-perturbative phenomenon and as a result
cannot be calculated within the framework of pQCD. In order to retain the predictivity
of our pQCD calculations we must find observables that are independent of the nature of
the final state particles.

The mechanisms between the hard scattering and the measurement of final state
particles are represented pictorially in Fig. 3.1 and can be qualitatively described as fol-

lows.

e Hard scattering event between the most energetic incoming partons taking place
at an energy of the order of the centre of mass energy (), so that the coupling

as(Q) < 1. These are the red circles in Fig. 3.1.

e High energy partons radiate many further real emissions of considerable energy,
each of these emissions has a scale of the order of the transverse momentum of the

emission k;. These are emitted such that as(Q) < as(k:) < 1. These are the red

!Confinement is a property of any theory with a negative S-function.



Figure 3.1: Pictorial representation of a tth event [28].

lines immediately attached to the small red circles in Fig. 3.1.

The partons continue to radiate, as the energy of the partons becomes smaller the
emission of soft and/or collinear partons becomes highly probable, owing to the
singular structure of the QCD matrix elements. Again these emissions have a scale
of the order of the transverse momentum of the emission k;. However due to the small
k; of these emissions even though the coupling remains perturbative the integral over

the phase space and matrix element squared

dz dky
7k—tas(kt) > 1, (3.1)

can become very large. This emission of many soft and collinear partons can be
modelled via the so called parton shower. The showering is approximately unitary,
meaning that the momenta of partons is shuffled around as further partons are
radiated but the rate remains constant. The couple ensemble of partons continue to
shower until they have energies around the scale Aqcp. These are the red gluons
and quark antiquark pairs attached to the red lines and the the blue gluons and

quark antiquark pairs before the the central hard scattering in Fig. 3.1.
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» Hadronisation takes place at scales of the order Aqcp, turning our collimated sprays
of partons into colourless hadrons. This means that the coupling as(k;) ~ 1. These
are the green ovals at the end of the red lines in Fig. 3.1, the green circles following
the green ovals are the final state hadrons that we see in the detector after the

primary hadrons decay.

o The purple lines and oval are multi-parton interactions (MPI), also referred to as
the underlying event (UE). The underlying event consists of all the secondary in-
teractions that are less energetic than the hard scattering event. In general the UE

mostly contributes a constant soft background of hadrons to each event.

e The light blue ovals are beam remnants, fragments of the colliding protons that did

not take part in the interaction. These fragments make up part of the UE.

This is the essence of what goes on at a hadron collider. Let us consider the structure of the
matrix elements further, the collinear singularities originate from k; — 0, this indicates
that the most probable course of the shower is to generate very collinear partons. Rather
than trying to consider these huge final states we consider instead clustering hadrons
that are close by in terms of k) together into so called jets. The idea being that for a
suitably defined jet we are able to capture the dynamics of the hard event in such a way
that hadronisation does not have a large impact on predictions made at the parton level.
A priori there is no reason to believe that the effect of hadronisation should be small,
fortunately studies at high energies have shown that these corrections are indeed small,
provided suitable observables are used.

The study of jets is important for measuring many aspects of QCD. Jets have become
a way to compare theoretical calculations at the parton level and experimentally measured

quantities in hadronic final states.

3.1 What is a jet

Having talked through some properties of QCD and the behaviours we would like in a jet
we must set about the topic with more formality. A formal definition of a jet is through

a jet definition, which consists of three elements:
1. A jet algorithm—a set of rules to recombine particles into a jet.
2. The parameters of the algorithm

3. A recombination scheme—a rule on how to define the four momentum of the jet.
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A good jet definition, as agreed upon by the scientific community, must meet some basic
requirements, this is outlined in a document known as the “Snowmass accord” [29]. The

requirements of a good jet definition are as follows

—_

. Simple to implement in an experimental analysis

[\)

. Simple to implement in a theoretical calculation

3. Defined at any order of perturbation theory

4. Yields finite cross section at any order of perturbation theory

5. Yields a cross section that is relatively insensitive to hadronisation

These requirements ensure that jets are well defined and consistent regardless of the rep-
resentation of the hard scattering event that we choose to work with. By choosing a jet
definition that is insensitive to hadronisation we can treat jets as objects composed of
either hadrons or partons. Practically this allows us to directly compare the results of ex-
periments to the predictions of Monte Carlo event generators and theoretical calculations
performed at the parton level.

There are many different jet algorithms in the literature, however they can be divided

into two broad classes:

e cone algorithms, which take a “top down” approach to clustering. We look for stable

cone-like structures in the event.

o sequential recombination algorithms, which take a “bottom up” approach to cluster-
ing. We iteratively recombine the two particles closest to one another according to

a distance measure.

We will only be working with algorithms of the sequential recombination variety, so we
will briefly review the features of the most common sequential recombination algorithms,
discussing their relevant characteristics. A more comprehensive review on the topic of jets
can be found in Ref. [30].

Before we consider the sequential recombination algorithms we must first define a
suitable recombination scheme. The simplest, and the most commonly used, example of
such scheme is the so called E-scheme. In the E-scheme the four momentum of a jet
is given by the sum of the four momentum of each constituent. Whilst there are other
possible recombination schemes that are used in e.g. jet substructure, in this thesis we

will only consider jets defined using the E-scheme.
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3.2 Sequential recombination algorithms

One of the first sequential recombination algorithms is the Jade algorithm [31], proposed
by the JADE collaboration in the context of ete™ collisions. It depends on a single

parameter ycut. The algorithm proceeds as follows

1. For each pair of particles ¢, j compute the distance measure

2
Jade  2EiEj(1 —cosb;) — my;

Yij = Q2 - Q2 )

where () is the total energy in the event, 6;; is the angle between particles i and j,

(3.2)

and F; is the energy of the particle i.

2. Find the minimum ymi, of all the possible yfj“de,

(a) If Ymin < Yeut, merge the particles i and j into a single new particle (or pseudo-
jet) k making use of the chosen recombination scheme to combine their mo-
menta, replace the particles ¢ and j by the new particle k. Iterate from step

1.

(b) If Ymin > Yeut declare that all of the remaining particles are jets and terminate

the iteration.

Unfortunately the Jade algorithm suffers from an undesirable feature due to the use
of the invariant mass as a distance measure. In the early stages of clustering two very
soft particles travelling in opposite directions may be recombined into a single jet owing
to the invariant mass term in the measure, an example of such a configuration is shown

in Fig. 3.2.

S

Figure 3.2: An example of a configuration where the Jade algorithm does not recombine

child emissions with their correct parent [32].

The problems with the Jade algorithm can be overcome by a simple redefinition of the
distance measure, defining a new algorithm the k; algorithm or Durham algorithm [33].

The Durham algorithm uses the distance measure

2 min(E?, Ef)(l — cos 0;5)

Durham _

yi] Q2 )

(3.3)
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which at small angles between the partons becomes the relative transverse momentum,
which alleviates the problems with the Jade algorithm. This new distance measure is
closely related to the singular structure of QCD matrix elements, and the clustering pro-
ceeds roughly in the inverse order in which the partons were emitted.

In defining jets at hadron colliders there are new technicalities that we must address.
The first is that in eTe™ collisions we have made use of a dimensionless distance measure,
however in hadron collisions it is difficult to determine the total energy of the event. To
avoid this issue we can introduce a dimensional variant of the Durham measure [34, 35],
and, changing the variables such that they are invariant under longitudinal boosts
AR?,

R2

djt = min(p};, p;) (3.4)

where py; is the transverse momentum of the constituent ¢, R is a parameter relating to

the radius of the jet and AR;; is the distance between the constituents ¢ and j,

AR = (yi — y;)° + (¢ — 05)% (3.5)

where y; is the rapidity and ¢; is the azimuthal angle of parton .

The second technicality is that in hadronic collisions we can have interactions between
the outgoing partons and the incoming beam, which can lead to extra emissions in the
detector. The inclusive-k; algorithm [35] was introduced to address these additional effects.

We introduce the notion of a particle beam distance
dit = pj;.- (3.6)
The algorithm then proceeds as follows
1. For each subjet and pair of subjets determine dfj’? and dﬁg
2. Find the minimum among all distances dfj’? and dfg

(a) If it is a distance between subjets df}, merge 7 and j into a new subjet
(b) Otherwise, if it is a “beam distance” dfjg, 1 is a final state jet and it is removed
from the list
3. Return to step 1 until there are no more subjets, then stop
We can extend the inclusive k; algorithm by introducing an additional angular para-
meter p that defines the generalised-k; algorithm with a distance measure

gen—ky . 2p 2p ARZZJ gen—ky 2p
dij = min(py; , p;;) RZ dip = Dy » (3.7)
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from which we recover the inclusive-k; algorithm by setting p = 1. Setting p = 0 we
have the Cambridge/Aachen algorithm (C/A) [36], one of the standard algorithms. A
particularly important case of the generalised-k; algorithm is that of p = —1, this defines

the anti-k; algorithm [37], with the distance measure given explicitly by

. 1 1\ ARZ . 1
AR = min | —, — R;J , AR = (3.8)
Py Py Py

The distance measure of the anti-k; algorithm is such that the hardest particles in a jet
are clustered first, this makes the jets formed by the anti-k; algorithm very stable, and
has the interesting consequence that the jets formed are (almost) perfect cones. In some
sense the anti-k; algorithm is in fact the perfect cone algorithm. For these reasons the

anti-k; algorithm is the most used algorithm at hadron colliders.

3.3 Jet-rates and Jet-vetoes

With our jet definitions we can proceed to create observables that characterise specific
properties of the final-state jets in an event. The simplest such observables are jet cross
sections and the closely related jet-rate. The n-jet cross section is defined simply as the
cross section for the production of n final-state jets, i.e. we just count the number of jets.
The jet cross section clearly depends on our choice of jet algorithm and on the parameters
of the algorithm. Jet-rates are simply the fraction of events classified with a given number
of jets, i.e. the jet cross section normalised to the total hadronic cross section. For example

the three-jet rate can be written as

D3 (Yeut) = 3—jets (Yeut) : (3.9)

g

where 03_jets is the three-jet cross section, o is the total hadronic cross section and Yy is
the cut-off used in the jet algorithm.
Another jet observable is the transverse momentum of the leading jet. We can define

the cumulative distribution of the leading jet transverse momentum as follows
> do
201)= 3 [ a0 G50 0~ max((pi) (3.10)

where p;; denotes the transverse momentum of the final-state jets {pi1,pi2, ...}, and, we
note that we can have an arbitrary number of jets in the final-state, provided they all
satisfy the constraint due to the measurement function. The transverse momentum of the
leading jet can be measured directly from the hadronic final states in the event or final

state jets following the application of a jet algorithm.
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The transverse momentum of the leading jet is very closely related to an important
phase space cut that is of particular phenomenological relevance, the jet-veto. A jet-veto is
a cut placed on the kinematics of final-state jets in an event, and a veto on the maximum
transverse momentum of the leading jet is important for the study of Higgs production at

the LHC. This will be the subject of Chapter. 6.

3.4 Event shapes

Event shape variables are another, more granular, way in which we can probe the jet-like
characteristics of hadronic final states. The idea is to define a quantity that smoothly
parametrises the energy-momentum flow in an event. For example is the distribution of
the hadrons in the event pencil-like, planar, spherical and other such “shapes”. Event
shapes were originally designed to test QCD at electron-positron colliders, however they
have subsequently been generalised so that they can be measured at hadron-lepton and
hadron-hadron colliders.

Event-shape distributions are normalised to the total hadronic cross section, o, so as
to be dimensionless and independent of the production cross section and so that the value
of the event shape v falls between [0,1]. To ensure that the event shape variables we

construct are IRC safe, we must build them from linear sums of momenta.

3.5 Classical Event Shape variables

We will briefly give the definitions of the event shape variables that we will make use of
in this thesis. These are all classical event shapes and have been studied in the literature

for some time.

o Thrust: T [38] is defined with a unit vector 7y, called the thrust axis, which

maximises the following quantity

T max 2P (3.11)
i Zz |pz’

where the sum runs over all the final state particles ¢ in the event. It is conventional

to define a new quantity 7 (also referred to as the thrust), so that the two-jet limit

of the thrust is at 7 = 0.

o Spherocity: S [39-41] is defined in terms of all the eigenvalues of the linearised
energy-momentum tensor

3
S = 5()\2 + A3), (3.12)
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where the linearised energy-momentum tensor is given by

B
g — 1 pip;

BN RN

(3.13)

where the index ¢ runs over all the final state momenta p;. This tensor has three

eigenvalues \;, j = 1,2, 3 satisfying
0< N <1, Y N,
J
and we order these eigenvalues A1 > Ay > A3.

o C-parameter: C [40, 41] is defined in terms of the eigenvalues of the linearised

energy-momentum tensor

C =3(A1A2+ X3 + As\p) . (3.14)

o D-parameter: D [40-42] is defined in terms of the eigenvalues of the linearised
energy-momentum tensor

D =2TAXo)s. (3.15)

The D-parameter will be the subject of Chapter 5.
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Chapter 4

NNLL resummation

We saw in Chapter 2 that whilst IRC safe observables can be calculated in pQCD, we noted
that for non-inclusive observables there may be large contributions from the emission
of soft and collinear radiation. This radiation may lead to the development of large
logarithms that can spoil the convergence of the fixed-order perturbative expansion. To
restore predictivity we must resum these logarithms to all-orders in the coupling constant.
Namely we must determine all the diagrams that produce a certain class of logarithm and
treat them all simultaneously. To perform an all-orders calculation we must make use of
the singular limits of QCD matrix elements, which will allow us to treat the emissions of
an arbitrary number of emissions.

The traditional methods of resummation are observable-dependent, and consist of de-
termining a factorisation theorem for the specific observable under consideration. This
approach has been very successful yielding many interesting results [43-56]. However
there exist observables of considerable interest that do yet admit any such factorisation
theorem.

Recently a framework for performing resummation in direct space' was developed in
the form of CAESAR [3, 57]. The CAESAR framework made the study of jet rate resummation
possible for the first time, and other difficult observables, such as those at hadron colliders.
Resummation in direct space is considerably different to the traditional factorisation based
approach. We consider only the scaling properties of the observable, and for a wide class
of observables—those that are continuously global and recursively infrared and collinear
safe—we are able to resum them at next-to-leading-logarithmic (NLL) accuracy.

In this chapter we will work with the ARES framework to provide a general resummation

'i.e. without using any integral transforms, and only relying on the factorisation properties of QCD

matrix elements in the soft and/or collinear limit.
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of events containing three final-state jets in ete™ annihilation.

4.1 Introduction to resummation

Before we dive into state-of-the-art resummation let us review some of the common features
of resummation calculations. We will look at an additional property of QCD that is
important and then we will consider the resummation of the thrust. We will be deliberately
light on the details and notation to try and emphasise the concepts. The rest of this chapter
will be dedicated to filling in the gaps.

First we look at an additional property of QCD. We saw that in eq. (2.113) that in the
soft and collinear limit the colour charge of an emission depends only on the leg it was
emitted from. That is to say that in the collinear limit the colour correlations that are
present in the soft case due to the interference of emissions between the different emitters
vanish. We say that the radiation is emitted coherently, this is a manifestation of the
phenomenon of colour coherence. In fact, this coherence phenomenon is actually a feature
that is common to all gauge theories. It tells us that radiated particles can only resolve
the effective colour charge of the emitter and cannot resolve the details of interactions
that take place at shorter distance scales and wider angles. When we generate emissions
in a parton shower we do so iteratively, inserting emissions one-by-one. To enforce the
colour coherence property of squared matrix elements we must generate emissions that are
ordered in angle. This is referred to as angular ordering and is common to parton shower
type simulations. Fig. 4.1 shows angular ordering diagrammatically for both QED and
QCD.

QED :

Qﬁfﬂ ----- kL

oo ﬁé
6

Figure 4.1: Angular ordering in QED and QCD [58]
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Now we come to resummation. The first things to consider is which terms give rise to
logarithmic enhancement in the fixed-order perturbative series—the problem terms. Each
extra emission can contribute at most two logarithms, due to the two possible IR singu-
larities, there is one from the angular integration and one from the transverse momentum
integration. Terms that are double logarithmically enhanced are the most singular terms
and are thus the terms that we should consider first. To calculate these leading logarithms
(LL) we need only to consider emissions that are strongly ordered in energy and angle,
these are the terms that give rise to the most logarithms. Taking just the double logar-
ithmically enhanced terms is referred to as the double logarithmic approzimation (DLA),
this is the simplest approximation that we can make, but it captures the dominant terms.
The LL terms are much like the LO terms in the fixed-order expansion, they typically
contribute the largest contribution to the quantity under consideration and are the easiest
terms to calculate.

Let us see how this works in practice with a specific observable, the thrust, T, as we
defined in eq. (3.11). The thrust is the canonical variable to resum owing to its simplicity.

In the soft and collinear limit the thrust takes on the following simple form

k2 ki
T o~ Z %52 = Z ge_m"' + less singular terms. (4.1)
i

i
where k; and n are the transverse momentum and rapidity with respect to the emitter.

We can now compute the Thrust cumulant in the soft and collinear approximation

Yhado(7) =1 (4.2)
MS dk? k
=075 (3 o+ 59) ) e 1)
2m T
= —2CFML2. (4.4)
2

where we have defined L = log % Combining these the various orders together we arrive

at the full NLO accurate result for the thrust cumulant

L@

oy 1
Yot (T) = 1 — 2Ck o log? —+ O(a?). (4.5)

We can immediately see problems in the fixed-order perturbative approach. First we see
that as the thrust becomes small, the logarithmic terms become increasingly large. When
agL ~ 1 the higher order terms are no longer small, in fact they are enhanced with respect

to the leading order contribution, spoiling the convergence of the perturbative series. In
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fact we can see that as 7 — 0 the cumulant actually becomes negative, which is completely
unphysical. The solution to this problem is to resum the logarithmically enhanced terms.
To do this we must reorganise the perturbative series so that we resum different classes of
logarithm.

There are different ways to classify the logarithms that we wish to resum, however for
simplicity we will focus on the method that is used in the case of the thrust and the other
event shape type observables that are considered in this thesis. The thrust is an example
of an observable with an extra property, exponentiation. That is to say that all of the
leading logarithms can be placed inside an exponent, summing up the LL contributions to
all-orders in the strong coupling. With this setup we can define the classes of logarithms
that we resum at the level of the exponent. In this case we define the LL contribution as
terms of order o L™ NLL as terms of order a?L™ and so on. This builds a tower of
logarithms that are resummed in analogy to the successive orders of ag that are included
in fixed-order calculations. For the case of non-exponentiating observables we must define
a different method to classify the logarithms that we resum, however that is beyond the
scope of what we will consider in this thesis.

So far we have only considered fixed-order pQCD. To perform the calculation to all-
order we must find the squared matrix element for the emission of an arbitrary number
of soft and collinear partons. Figure. 4.1 is rather suggestive, in the QED case we can
factorise the emission of n soft and collinear photons into a single emission raised to the

power n with an appropriate Bose symmetry factor, symbolically

1
(n — emissions) = =} (1 — emission)" . (4.6)

However, unlike QED, we cannot simply factorise the emissions of QCD due to the non-
abelian nature of the theory. Gluons carry colour charge and are able to emit further
secondary gluons and soft quark anti-quark pairs. However it is possible to find a QED
type factorisation by redefining the coupling to include the subsequent branchings from
the primary emission [59]. This new coupling scheme is referred to in the literature as
the Monte Carlo or CMW scheme, but we will refer to it as the physical scheme. The
relationship between the physical coupling o5 and the usual 042/[75 coupling can be
computed in perturbation theory. To recap, in QCD we can factorise an arbitrary number
of soft and collinear emissions into a product of single emissions by using the physical
coupling to absorb the contribution of secondary emissions.

Now we have all the necessary ingredients to perform a resummation. To get the

leading logs correct we need only to include the most singular terms, that is the virtual
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corrections and the unresolved real emissions. In the ARES formalism we can exponentiate
the unresolved real terms up to power corrections given by é”v, where p is a positive number
and 4 is a “resolution” at which we split the real emissions into resolved and unresolved.
All the resolved radiation contributes to higher order terms in the resummation (NLL and

beyond), and so can be neglected from our calculation of the leading singular behaviour.

2 hys. /7.9
(1) = exp [26‘1: / %W /dn e (ge”’ — T) S <10gl?t - |77|>] (4.7)
t

—2C’pwlog2 1] , (4.8)

~ ex -
P 2T T

where have made DLA to evaluate the integral and leave just the dominant terms. We
see that by expanding the exponent in powers of «s we can exactly reproduce the singular
behaviour that was present in the fixed-order approach. However the exponent generates
all of the leading logarithmic terms at every order in as. We can see also observe some of
the characteristic properties of resummations: the leading logarithms are exponentiated
and the negative value of cumulant has been replaced by an exponential suppression factor
that is well behaved in the limit 7 — 0.

This introduction has been fairly brief and we have left out a lot of the details about
the objects involved in these calculations. We will address all of this in the following
material. A more detailed, pedagogical, exposition to the properties of QCD, including

colour coherence and angular ordering, can be found in Ref. [58, 60].

4.2 Problem specification

In the ARES framework we consider an observable, V(q1,¢2,...), that is a non-negative
function of final-state momenta q1, ga, . ... We specialise to the case of eTe™ annihilation,
although similar considerations can be made for hadron colliders. The observable under
consideration, V', must be IRC safe, and, there exists some positive integer number n such
that the observable goes smoothly to zero for momentum configurations that approach
the limit of n narrow jets. We will call this an (n + 1)-jet observable.

To begin we must introduce a procedure that selects for us events with n or more hard
jets. This will usually be done through a jet algorithm that counts the number of hard,
well separated, jets in the event; or through a cut on a secondary, n-jet, observable?. We

can express this procedure in terms of an event selection function #(qi,q2,...) that is 1

2For example, when we resum the the D-parameter, a 4-jet observable, we will select 3-jet events by

putting a cut on the Durham jet resolution parameter.
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for events that pass the selection cuts, and zero for those that do not. From this we can

define a hard n-jet cross section,
it do
o= /d(I)N(m]\\[]/H(QL'anN)a (4.9)
N=n

where doy/d®y is the normalised differential cross section for producing N final-state
particles.
We consider the integrated cross section, 3 (v), for events satisfying the hard n-jet

cut, H, for which, the observable, V' is smaller than some value v,

L& doy
S(v) = UHNZ::n/dQNMH(ql,...,qN) Ow—V(g,....q0),  (4.10)

from Eq. (4.10) we can obtain 1/0y d¥(v)/dv, the differential distribution for the ob-
servable.

In the case of n hard jets accompanied by an ensemble of soft and /or collinear radiation
we can factorise Eq. (4.10) into a hard n-jet differential cross-section and a term containing

the contribution of the soft and/or collinear radiation

1 doy,
Sy (v) = U’H/dq)g dgs Sp(®p;v) H(Pg) . (4.11)

The form of Eq. (4.11) involves the differential cross section do,/d®p for producing an
event with “Born kinematics”, that consists of n outgoing hard momenta and an “observ-
able dependent” function Y.3(®g;v), roughly telling us the number of events for which
the value of the observable, V, is smaller than v.> When v < 1, the function ¥5(®z;v)
develops large logarithms in v, which we will resum to all orders up to a given logarithmic

accuracy.

4.3 Conditions for resummation

We outlined at the beginning of this chapter that observables that can be resummed in
the ARES framework are those that are continuously global and recursively infrared and
collinear (rIRC) safe. We will address each of these properties in turn.

An observable is said to be global if it is sensitive to all of the emissions in an event.
Examples of global observables include the Thrust and all of the other event shapes de-

scribed in Chapter 3. Non-global observables are those that are only sensitive to emissions

3 Actually we can always write Y4 (v) in the form of Egs. (4.11), for any value of v. However the
factorisation property of these equations, namely that X3 (®3;v) is independent of the procedure used to

select n-jet events, holds only in the limit of small v and for global observables.
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in a certain region of phase space, for example the hemisphere jet-mass. Continuous glob-
alness is the additional statement that the scaling of the observable with respect to the
energy of an emission is the same everywhere in phase space. This condition ensures that
(to all orders) there are no non-global logarithms.

In order to perform the all-orders resummation we need to know the exact behaviour
of the observable in the presence of an arbitrary number of soft and/or collinear emissions.
We consider only observables with the property of rIRC safety, rIRC safety encodes the
requirement that the observable should be insensitive to additional soft and/or collinear
emissions at widely separated scales. Further to this, the rIRC safety property ensures
that the leading logarithms of an observable exponentiate.

We will briefly review the key aspects of rIRC safety, we follow the presentation in
Section 2.2.4 of Ref. [3]. We begin by defining a momentum function k; = k;(¢) such that
V({p},ki(¢)) = ¢. A real emissions is fully determined by three variables 7!, & and ¢;, as
well as the leg index #;,
¢ebemi(Q)
de; 9e,(91)

We require that in the presence of multiple emissions the observable scales in the same

Q) = — S1BC )= (

a—f—bgi,

>a O =¢  (412)

fashion as it would for a single emission. We require that for any m such momentum

functions, the following limit,

i SV ({3} k1(5), o (8Gn). (1.13)

be well-defined and non-zero, for any choice of (non-zero) values of the (;. Here ¥ is a
parameter that we vary to probe the observable’s properties. The above condition guaran-
tees that in the limit of small o, any set of emissions close to the boundary V ({p}, k) = v
will give a value of the observable that is of order .

For regular IRC safety, given an ensemble of partons, any additional soft and/or collin-
ear splitting of one or more of these partons must not change the value of the observable
by more than a positive power of the softness/collinearity of the splittings, normalised to
the hard scale of the event Q.

In the context of resummations we have two relevant scales: the scale set by the event
@ and the scale set by the boundary V ({p}, k) = v. We require that, for sufficiently small
v, there exists some § < v, that can be chosen independently of v, such that we can neglect
any splitting that is at a smaller scale than that defined by dv. Such splittings will change
the value of the observable by an amount éPv, where p is a positive power. The crucial

property is that § can be chosen independently of v.
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In terms of the momentum functions k;(¢;), IRC safety can be expressed with the

requirement

lim 0 V({ﬁ}v kl (ﬁgl)v sy km(q_jcm)a karl (6<m+1)) = V({ﬁ}> kl (7741)7 ceey km(l_)cm)) .

Cm1—>
(4.14)
The analogous requirement for rIRC safety is expressed by the double limit
. .1 - _ _ _
lim 1lm fv({p}v kl(vcl)a sy km(’UCm)? km—i—l(UCm—i—l))
Cm+1—00—=0 v (415)

= %V({ﬁ}, k’l(ﬁcl), ceey km('DCm)) :

The order of the limits on the left-hand-side is essential to the definition of rIRC safety: if
the softness/collinearity (,,+1 at which the (m + 1) emission becomes irrelevant depends
on v (i.e. it scales as a power of ¥), then even for arbitrarily small ¥ the (m + 1) emission
will never become irrelevant and the equality in Eq. (4.15) will never be satisfied. We
can combine Egs. (4.14) and (4.15) to obtain an alternative statement of the rIRC safety
condition in terms of the commutator of the limits:

[ lim ,lim} %V({p’},kzl(z’;g),...,kzm(@g“m),kmﬂ(z’;cmﬂ)):O. (4.16)

Cm4+1—0 v—=0

In addition to the limit where an extra emission is made soft/collinear to a hard leg,
we also need to consider the situation where one or more existing emissions split softly
and/or collinearly. We represent the collinear splitting of an existing emission with the
notation k;(¢) — {ki,, ki, }(C, u) such that p? = (k;, + ki, )?/k% and lim, o (ki, + ki, ) = ki

We then require

lim i SV ({5}, k1B (s, Koy HOCos 1)y s o (5Com))

u—00—0 v

. (4.17)
= %V({ﬁ}) kl(ﬁcl)v SRR kl(@<1)7 EER) km(f[)gm)) .
regardless of how the limit is taken—whether at fixed relative energy fractions for k;,, k;,
or with one of them simultaneously becoming softer than the other. Again we can express
Eq. (4.17) in terms of the commutator of the limits:

[lim, lim] %V({ﬁ},/ﬁ(m), oo i ki JOCo 1), ko (Con)) = 0. (4.18)

n—0" v—0

Egs. (4.16) and (4.18), together with the condition that (4.13) encode the conditions
for an observable to be considered rIRC safe. The rIRC safety conditions ensure that the
observable has the same scaling behaviour for any number of soft and collinear emissions.

In addition the observable is insensitive to emissions that take place below a certain scale,
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which lets us split the emissions into a set that are resolved and a set that are unresolved.

rIRC safety allows us to place constraints on each emission individually:
V{p} k1, . kn) <v = dv SV{p}, ki) Swv, (4.19)

where ¢ satisfies

v <1, (4.20)

The rIRC safety conditions imply that the leading-logarithms will exponentiate and that

the region in which resolved real radiation exists is next-to-leading logarithmic.

4.4 Kinematics and notation

All the considerations we have made so far have been completely general. We will now
specialise to three-jet, rIRC safe, observables. At Born level, a three-jet event in eTe™
annihilation is made up of a quark of momentum p;, an antiquark ps and a gluon ps, we

choose without loss of generality to define their momenta as

p1 = E1(1,0,0,1), p2 = E5(1,0,sin 619, cos12) , ps = E3(1,0,—sin 613, cosb13) ,

(4.21)
with 615 and 613 the angles between p; and po, and p; and ps respectively. The relation
between these angles and energies and the variables that are typically used to describe
three-jet events is reported in Appendix. C.5.

We consider event shapes that vanish in the three-jet limit, i.e. V({p}) = 0, where {p}
denotes the set {p1, p2, p3}, the actual final-state momenta, which coincide with (p1, p2, p3)
in Eq. (4.21) at Born level. After many soft-collinear emissions (k1, ..., k,) the three hard
partons will recoil, and {p} are the actual final-state momenta after recoil. In order to
parametrise the radiation momenta, k;, we introduce a so called Sudakov decomposition.
In the case of three-jet kinematics there is not a single natural choice for Sudakov decom-
position. So we adopt a different decomposition for the emission of soft (and optionally
collinear) radiation and the emission of hard-collinear radiation. The decomposition serves
to make the following calculations as simple as possible.

The soft radiation has a dipole structure that we shall come to shortly. As a result of
this structure a convenient decomposition for a single emission k is along any pair of Born
momenta {p;, p;}, which we shall call the (ij) dipole. This is done as follows

k= z0p; + z(j)pj + k() cos (;Sni(flj) + k() sin gzbn(m (4.22)

out -
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(5) (44)

where n, ”/ and ng; are two space-like vectors that satisfy (nl(rzl] ))2 = (n((fgt))2 = —1, given
by
(i) Oij i+ 7 (i5) Ty X 71 . _ P .
(i) _ (oot 2 Tt T — (02" =P i (423
ny, <CO 9 sin 02] ) ) Mout ( ' gin 97,3 y Ty B, ) 2,7 ( )

We have introduced the invariant transverse momentum with respect to the (ij) dipole
(,ﬁm‘))2 _ (2pik) (2psk) (4.24)
(2pip;)
where (p;p;) is short-hand notation for the Lorentz-invariant product p; - p;.

On the other hand, for hard-collinear radiation we can choose to decompose the emis-
sion k along a single Born leg p,. This is done by defining the light-like momentum
pe = (Ey, —pe). Explicitly,

k=aOp) +30p) + £, (4.25)

where k() is a two-dimensional space-like vector lying in the transverse plane to leg py,
and whose magnitude reads
_ (Hw))? _ (2pek)(2pek) _ (1#))2 ' (4.26)
(2pepe)
Note that, if k is collinear to the leg py, we have k(7)) — kée).
We now introduce the rapidity n(ij) with respect to a dipole and its counterpart, 77(@,

with respect to leg py

20

0 (4.27)

g 1
n) = Zlog =— n® = Zlog
z 2

For an emission k collinear to p; or p;, the rapidities n() n® pnl) are related as follows

i ij 2E; j ij 2E;
" ~ @) 4 log o W) ~ —n) + log 0. 5= 2(pips) - (4.28)
1) 3
From 2, 20) 20 z() < 1, for a light-like vector k& we obtain the rapidity bounds
g i 2F,
)| < log Q,j. , ¥ < log =L (4.29)
/q;(ZJ) k(é)

t
Last, we denote with ¢(© the azimuthal angle of (). We adopt the convention ¢(7) =
#® = 0 when an emission is in the plane formed by p1, pa, p3. Comparing the expressions
of the component of k outside the event plane in the Sudakov decompositions in Eqs. (4.22)
and (4.25), we have that, for an emission k collinear to py, pl9) ~ 8

We note that for two-jet events the dipole Sudakov decomposition Eq. (4.22) and
Eq. (4.25) coincide. From the dipole perspective two-jet events are simple events consisting

of a single dipole.
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A last remark is in order. When dealing with multiple soft-collinear emissions, using
as reference vector the Born momenta p1, ps, p3 can lead to cumbersome, observable de-
pendent multiple-emission matrix elements. This is because, in the presence of multiple
emissions, an emission might be collinear to one of the final state partons {p} without
being collinear to the corresponding Born momentum. Therefore, the reference light-cone
vectors required to perform Sudakov decompositions might need to be redefined after each
emission. There is no unique way to redefine reference vecors. The prescription we adopt

here is explained in Appendix C. of ref. [3] and recalled in ref. [61].

4.5 General structure of NNLL resummation

We will now outline the considerations needed to perform at NNLL resummation of three-
jet observables in the ARES framework. We closely follow the structure and discussions
of Ref. [61]. We will attempt to stress as much as possible the new features that appear
when considering three-jet observables.

Any rIRC safe observable V ({p}, {ki}), can be parametrised in the following way for

a single soft and collinear emission k collinear to leg ¢

O\ ¢
V({p} k) = Vie(k) = dy (ké?) e 21 gy(09), (4.30)

where k§5)7 77(07 qﬁ(@ are the transverse momentum, rapidity and azimuth of k£ with respect

to the emitter py, and a,bs,dy are constants.* The scale @ represents a typical hard
scale of the process, in our case the centre-of-mass energy of the ete™ collision. The
parametrisation of a single emission in eq. (4.30) may seem unduly limiting, however it
turns out that a great number of observables can be parametrised in this way in the
soft and collinear limit. This includes all of those observables discussed in chap. 3. The
reason for this is for these observables it is only the scaling properties with respect to
the transverse momentum and rapidity (captured in the a and b, coefficients) that are
needed to capture the leading logarithmic behaviour. The remaining terms d; and gg(gb(f))
are simply to appropriately normalise the observable and are necessary for computing

corrections beyond LL accuracy.
We will also make use of a dipole based version of Eq. (4.30) which we define as follows:

g R\ g
VA (). k) = di? (Q,_> e gy(6). (4.31)
ij

4IRC safety implies @ > 0 and b, > —a. While by, d, and g¢ can be different for each leg, continuous

globalness implies a has to be the same for all legs.
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iy be N atbe
a7 = d, (2QEZ> <%ﬂ> : (4.32)

this is defined such that Eq. (4.30) and Eq. (4.31) are identical. Each expressing the

where

behaviour of the observable most transparently for the leg and dipole based structure
respectively.
Our aim is to resum large logarithms in the cumulative distribution Xz(®p;v), the

fraction of events for which V ({p}, {k:i}) < v, in the region v < 1. This is given by

oo n
S5(Dp;v) = V(05) Y S(”)/H[dki] IMP(BY by k)| 2 O(0 = V{B} b, ).

i - (4.33)
where V(®p) is a form factor that includes all virtual corrections to the Born process,
IM{p}, k1, ..., ky)|? is the squared matrix element for n real emissions off of the three-jet
Born antenna and the factor S(n) represents the multiplicity coefficient for each final state
(quarks or gluons). For instance, n identical gluons have a multiplicity factor S(n) = 1/n!.
The Lorentz-invariant phase-space in d = 4 — 2e dimensions is denoted by [dk] and defined

as
d?k

[dk] = W

S(EHO(KY). (4.34)

Given the Sudakov decomposition of any four-momentum k of (squared) invariant mass

1 2(0)

The variable (¥ is the rapidity of k (with respect to some reference light-like directions

k* = m? as in Eq. (4.22), the measure d%k can be expressed as

dy(9)

d% = (pl.pj)dz(i)dz(j)d%?eﬁ(ij) — dm2d22¢0) y()

p; and p;), and for real emissions (k% = 0) it is bounded by

‘yw)‘ < log < Qi ) , (4.36)

(i)

where Q;; = (2p;p;). It is immediate to link y to the rapidity of a massless emission k with
respect to a given leg £. In fact, n@ = y() for y(@) > 0, and nU) = —y(@) for y(i) < 0.
This implies that the phase space [dk] in Eq. (4.34) of a single dipole can be written as
follows

oy A2 2 509)

2 )

=3 I gpoyt (4.37)
= 2 O |
We have considered all of the momenta to be in d-dimensions, because dimensional regu-
larisation is needed to regulate the IRC divergences present both in V(®p) and in the real

radiation.
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4.5.1 The structure of the virtual corrections

The virtual corrections V(®g) can be expressed in the following factorised form
V(®p) = H(®p, as(Q)) X

d
X exp ZC,j/dk w(m?, (k%)% 4 m?;e)x

X o ) ) (4.38)
X0 <2 log ((R(ij))zw+ m2> _ ’y(w)|> 0(Qij — m(l])} %
@ qi2
xexp{ Z/ kaaske))}.

Such a factorisation is possible because at all orders there are three physical principles

that apply to any hard scattering amplitude such as Eq. (4.38)
1. Soft gluons decouple from hard virtual partons (at leading power in the hard scale).

2. Virtual hard partons collinear to an external hard parton decouple from the remain-
ing hard subdiagram, these hard collinear partons are insensitive to the energy and

spin of hard partons that it is not collinear to.

3. Soft gluons decouple from jets, their long wavelength does not allow them to probe

the details of a narrow jet beyond its overall colour and direction.

For the details of the factorisation see [62, 63] as the references therein.

The virtual corrections are parametrised in terms of three objects:

1. The soft function
The first exponential in Eq. (4.38) represents the sum over all of the possible (ij)
dipoles, where there is a soft web associated with each dipole. We extract the dipole
colour factor C(;;) from each web so that w(m?, (k(9))2 + m?; €) denotes the colour-
stripped soft web [64, 65] of total momentum k and squared invariant mass m?, in
d = 4 — 2¢ dimensions. In our representation of V(®p3), the integration boundaries

depend on which (ij) dipole we are considering. The upper integration bound for

the x()-integral of the web is set by the centre-of-mass energy of the dipole, Qij,
and the upper bound for the rapidity integral to, |y*)| < log (Qij/\/ (k(9))2 4 m2>.

2. The jet functions
The second exponential in Eq. (4.38) is the sum over all of the possible legs ¢,

where the function 7,(as(k,€)) coincides, up to an overall sign change, with the
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coefficient of the §(1 — x) term of the regularised splitting functions P;_,4(x) and
P, 44(x), according to whether leg ¢ is a quark or a gluon, respectively. The strong
coupling as(k, €) is defined as the solution of the d-dimensional renormalisation group
equation:

2 da
R
dui2

= —cay + B9 (ay), (4.39)

where 5(4=%) is the S-function in four dimensions, given by the following expansion
o0
A= (q,) = —a? Z Bradl (4.40)
n=0
namely the usual S-function.

3. The Hard function
The overall quantity H(®g,as(Q)) is a multiplicative constant that is obtained by
matching Eq. (4.38) at each order in perturbation theory to the quark or gluon form

factor computed in the MS scheme.

We take a brief interlude to explain the dipole structure that will be omnipresent
throughout our considerations of the soft radiation. The dipole structure emerges naturally
for the emission of soft gluons as we saw in Eq. (2.99). Generally the factorisation of
soft radiation includes an eikonal factor and a colour correlation matrix. In the case
of three-jet events we can compute the colour factors explicitly, and they are scalars

rather than matrices—a special case for 2 and 3-jet events only. In our notation we

define C(;;) = —T; - T;. In the three-jet case this leads us to C,q = Cp — C—QA and
Clqg) = Clag) = 0—2“. We stress again that the same structure is present in the two-jet case,

only it is greatly simplified as there is only a single dipole to consider.

In order to proceed, we must devise a way to cancel the IRC singularities in Eq. (4.38)
against those in the real emissions. We do this via the introduction of a resolution para-
meter. The resolution parameter is engineered so as to divide the real radiation into a
resolved set and an unresolved set. The idea behind this division is to handle the unre-
solved part of the radiation analytically, and cancel these divergences against those of the
virtual corrections. The cancellation is performed in a way that the contribution of the
resolved set of radiation can subsequently be computed numerically in d = 4 dimensions.
The resolution parameter is defined through its action on the soft and/or hard-collinear

contributions to the squared matrix element, as we shall outline shortly.
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4.5.2 Cancellation of soft singularities

We start by considering the contribution of soft radiation. The soft squared matrix element
for n emissions off a hard antenna is denoted as |[M({p}, k1, . .., kn)| %. Soft radiation from
such a hard antenna can be expressed as a sum over emissions off of all of the possible
dipole antennas that make up the hard antenna. This result holds to all orders in QCD

for any number of emissions. Schematically, this means that we can write
M@, ki, ) |2 = [M(@5)| % (Ml k)] (4.41)

Note that in general [Mg(ky, ..., k,)| will be a matrix in colour space. For concreteness
we reproduce the explicit expression for emissions off of a three-jet event. A single emission

can be written as

IM(@5,k)|* = [M(@5)|? > 16755 0s(1r) Clijy Sig(k) (4.42)
(i9)

and for two emissions we can write

IM(®p, k1, k)| ? = [M(®p)| > (drpFos(ur)? | [ D 2C05 Siz(ka) | | D 2C ) Sklke)
(i5) (i7)
+Ca Y Clj 285 — Sii = Sjj] — Trnr Y Cjy 2T — Ti — Lyl |
(4) (i)
(4.43)
where S5, S;; and §j; account for the emission of two soft gluons and Z;;, Z;; and Zj;
account for the emission of a soft gg pair. Explicit expression for each of these terms can
be found in Ref. [25].
Recalling Eq. (4.41), we denote squared matrix element for n soft emissions as |[Mg(k1, ..., ky)] 2
which we can iteratively reorganised as follows

2

M (k)| = [ Mo ()]
Mk, ko) 2 = [MoCk)] (M (ko) + [ Mk, )|
Mk, b, ) | = [ M o) M ()| “IMCks)| -+ (M) | [ Mk, Kg)] -+ perm. )

~ 2
+ |Ms(F1, k2, ks3)|

(4.44)

—~ 2
where it is understood that each |[Ms(k1, ..., k,)| term takes the form of a sum over di-

— 2
poles. The quantities | Mg(k1,...,k,)| represent the correlated portion of the n-emission
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soft squared matrix element, together with its virtual corrections.” The correlated portion
of the squared matrix element is strongly suppressed unless all emissions ki, ..., k, are
close in angle. We refer to the ]Mvs(kl, ooy k)l ? terms as soft correlated blocks, they are
the building blocks of the soft webs, which in turn we will use to construct the Sudakov
radiator. Each correlated block admits a perturbative expansion in a, due to the virtual
corrections, hence

2

* oy Ol k)P (445)

— 2 —
|Ms(k1a"'akn)| = |MS,O(k1a"'akn)| + o

At tree level, the squared matrix element for the emission of a single soft gluon is given
by
—~ 2 —~ 2
IMs(R)| ™ = Mo (k)| " =D 167 Cijy pFas(ur) Sij(k), (4.46)
(i5)
while at one-loop order we have [66]

—~ 2 0 B 1 TH1 — T3 (1 +¢)
IMs1 (k)] = (Z; 167 Cij) pg as(pr) Sij(k) Ca 2 T2(1 — 26)['(1 + 2¢)
ij

€

[4mpd Sij(k)]©

(4.47)

In the following we will always renormalise the coupling in the MS scheme, i.e. we replace
eVE Bo

() = ) s (1 D)+ ) , (4.43)

where [y is the first coefficient of the beta function in four dimensions of Eq. (4.40). The
tree-level correlated block with two emissions |//\/lvsyo(l<:1, k)] ? is reported in Appendix C.4,
and will be useful later. This decomposition is particularly convenient as it allows us to
define a logarithmic counting. Each soft correlated block |./Ws(k1, R .l ? will contribute
to log ©p(®p; v) with at most with a factor a”log™*!(v), with n powers of log(v) coming
from the soft singularities and an extra power from the only collinear singularity.

Rather than defining the resolution parameter as in Ref. [61], where it acts on the
full correlated squared matrix element, we will instead define it to act separately on each
dipole contribution. This will allow us to exponentiate the contribution of each dipole
separately. Following the same approach as Ref. [61] we begin by defining a clustering

algorithm that combines together the momenta of all particles emitted according to each

—~ 2
correlated dipole block |[Mg(k1, ..., k)| . In the simple case of two emissions, we cluster
as follows
9 =~ 2, ~ 2 —~ 2
Mk, k2) " = |(Ms(k1)| - [M(k2)| + Mi(k, k) (4.49)
—_————
two clusters (k1,k2) a single cluster kcjusy. =k1+ka

— 2
SNote that the |[Ms(k1,...,kn)| are not in general positive definite, they are defined as differences of

squared matrix elements.
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rIRC safety [3] ensures that all particles in a cluster are both close in angle and have
commensurate transverse momenta. This allows us to evaluate the QCD running coupling
of each cluster at the transverse momenta of the corresponding emissions. This procedure
allows us to absorb all logarithms of pp/ /{Eij ) into the running of the coupling. As a
consequence of this procedure, for rIRC safe observables, using the decomposition (4.44),
every correlated block [Ms(k, ..., k)| ? (when combined with the corresponding virtual

mE2=n () for m >

corrections) will contribute to log ¥5(®p;v) with terms of order o log
n. This allows us to build a logarithmic counting at the level of the squared matrix element,

which defines which contributions must be considered at a given logarithmic order.

In order to proceed with the calculation of Y5(®g;v), we then choose a resolution

parameter § < 1 such that all clusters of total momentum ks, satisfying
‘/res.(kclust.) < 67)7 (450)

are labelled as unresolved. This choice guarantees that one is able to compute analytically
the contribution of unresolved emissions for an arbitrary rIRC safe observable. For this
class of observables, the unresolved clusters can be neglected from the © function in
Eq. (4.33) since they do not contribute to the observable V' up to corrections suppressed

by powers of éPv, with p being a positive parameter.

To make what we have described more transparent, we will work through the action of
the resolution variable on the soft correlated block: first for the case of a single emission
and then the case of two emissions. We will see how the momenta are divided into resolved

and unresolved. First we introduce the shorthand for the action of the resolution parameter

@61;[{/%}] = O[Vies.({ki}) — 0v]
@6v[{kz}] = @[57) - Vres({kz})] :

(4.51)

We combine the action of the resolution parameter with the observable constraint and

making use of the rIRC safety of the observable we can write

@[U — V({ﬁ}, /61, e ,k‘n)] @51)[{]{:1, ey k‘l}]
=0O[V{p}, ki1, ..., kn)] O[{k1,..., ki}] + O(vdP),

(4.52)

With this shorthand we can write down how the resolution variable divides the momenta
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into resolved and unresolved
/ k]| M) = / (AR LMR) [Os0(k) + Bso(R)]
ov __ __
= / (k] | M) + / k] | V()]
ov
= tomian(ur) Y- Cloy [ 1ah] Si ()%
()]
X [@ (v;gﬁ(k) - 5?}) +0 <5v - Vs(cij)(k)ﬂ
ov
= 167r,u26045(u3) Z C(ij) [dk] Sz‘j(k) + [dk} Sw’(k) ,
Hor) - | | [ w10
J1ak)idha | MG ko) * = [ dk)dba) L6E k)| 01, ) + B )

ov __ —
- / (k][] | Mk, B2)]” + /5 k] o] | Mk, Ko) |

(47r,uR A MR CA Z C (37)
(i5)

X / [dk1][dEs] [2Sij(k1, ka) — Sii(k1, k2) — Sj5(ka, k2)} X
x (@ (Vi) (ha + ko) — 60) +© (50— VED(hy + )]
= (drpfas(nr))*Ca Y Clij)x
(i)
X [/év[dkﬂ[dkg] [2&5(%1, ke) — Sii(k, k2) — Sjj(ki, k2)]

n /6 v[dkl][dkg] [zsij(kl,kg) ~ Sii(k1, ko) — Sjj(kl,kQ)H ,
(4.53)

where again the explicit form of S;; can be found in Ref. [25]. We can see the same
structure as was found for the two-jet case [61], only now acting on each dipole separately.

The above definition of the resolution parameter allows us to exponentiate the contri-
bution of unresolved soft blocks. From the decomposition of Eq. (4.44), we can connect

—~ 2
the soft correlated blocks |Mg(k1,...,k,)| to the webs introduced in Eq. (4.38), we find

S Cyuw(m? Zs /(H i]>|ﬂ/(vs(k1,...,kn)| (27)%6@ (k Zk)

(i9) =1
(4.54)

Therefore, the contribution of an arbitrary number of soft clusters (and no hard-collinear

clusters) gives rise to the following exponential factor

Qz] ddk . ..
exp {Z Clij) / n) w(m?, (k%)% + m?;¢) O(6v — vsgm(k))} . (4.55)

(i5)



61

Eq. (4.55) can be combined with the virtual corrections in (4.38) to give

Qij qd g .
V@) exnd 3y [ Gy 7 ()2 ;€ ©(0 — VD (k)
(i)

@ dk?
= H(®p, as(Q)) exp ZC(U R (6v) 3 exp Z/ 12 —Ye(as(k,€)) ¢,

(i5)
(4.56)

where we have defined the soft dipole radiator R( )( ), a function with argument v, as

R@ = [ o, (6 ) OV () — ), (457)

and we have taken the four-dimensional limit of the web since the integral is now finite.

We also introduce the complete soft radiator defined as

=> Cu) : (4.58)
(49)
4.5.3 Cancellation of collinear singularities and the structure of resolved

radiation

The procedure for the cancellation of the collinear singularities is unchanged with respect
to the original considerations made in the derivation of the ARES NNLL master equation,
however there are new finite terms that appear as compared to the original formulation.
We reproduce the discussion of Ref. [61], making clear where there are new contributions.

The next step is to handle the hard-collinear divergences, those present in the integral
over 7 in Eq. (4.56). Exponentiation of the unresolved hard-collinear emissions is much
more delicate than for the soft. Every hard-collinear emission could change the colour
charge felt by all subsequent radiation. Fortunately, rIRC safety greatly simplifies the
treatment of the hard-collinear radiation, for rIRC safe observables we only need to con-
sider a fixed number of hard-collinear emissions at a given logarithmic order. Therefore,
instead of proceeding as in the soft case, we start from the integral over the anomalous
dimension + in the virtual corrections (4.56) and split it into two pieces at the collinear

a+by
kt

scale of the resolution variable®, which yields Vic(k) ~ . Inspired by this, we split

the integral over v at k = v/(@tb0)Q

Q" qk? O ak? QT g2
[ Getean = [ Seuten+ [T ey, @59)

QQ'U a+b[

SThe collinear scale is found by setting the rapidity 7'® to its maximum (i.e. log(Q/k:)) in Eq. (4.30)
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Next, we expand the exponential of the second integral on the right hand side of the above

equation considering only a fixed number of terms in its expansion

QT gy QT 482 oy (k, €) ,
o s\, (0) 2 b,
epd— [ Grwatnayp=1- [T TR 1 o).

(4.60)
The first non-trivial order in the expansion must be included at NNLL, the second at
N3LL (together with the squared of the first), and so on and so forth. The divergences in
these terms cancel order-by-order in perturbation theory against those of the hard-collinear
emissions in the real radiation.

The final step to obtain an NNLL accurate expression for Yg(®g;v) is to handle
the squared matrix element for resolved real emissions in Eq. (4.33). At NLL accuracy,
rIRC safety ensures that resolved radiation contains no hard-collinear emissions, and the
real matrix element squared is simply the soft approximation |Mjs] 2 In fact it simplifies
further, the squared matrix element at this order reduces to the product of n independent,

soft-collinear emission probabilities, [dk] Mg o(k)|* = [dk] | Msc(k)| ?, where [4]

sl gl a (k) Q;
[dR] [ Mec(k 220@] 54 e dn(”)ﬁﬁ(w)@ <log< w])> —nff)> o).
(i5) Le(if)
(4.61)

In order to achieve NNLL accuracy, it is sufficient to correct the products of independently
emitted single-particle clusters with the insertion of a single tree-level correlated cluster
of two soft and collinear emissions |/K/lvs70(k:a, ky)| 2, and of the one-loop correction to the
single-emission cluster [M, 1 (k)] g

Moreover, beyond NLL, a finite number of hard-collinear emissions must be considered.

In particular, at NNLL, it is sufficient to allow one single emission to be hard and collinear.

This single collinear emission factorises as follows
IMUBY, kney ki k)| 2 2 [M(@5)] [ Mo (5, ke H M (k)| (4.62)

Note that unlike in the soft case the hard-collinear matrix element can depend on the
Born kinematics through spin correlations. When combined with Eq. (4.60), this leads
to a finite, logarithmically enhanced, left over, as it will be shown shortly. In such con-
figurations, at NNLL, the remaining soft radiation consists of an arbitrary number of

single-emission clusters.

With the above decomposition, the NNLL resummed cross section ¥3(®g;v) of Eq. (4.33)
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takes the form

3
Yp(Pp;v) = H(Pp, as(Q)) exp ZC ) R (50) eXp{ 2/2 2 kQ W as(k))}
aT0p

(=1

X { Z E / H[dkl] |Ms(k17 L) kn)‘ 2 @(U - V({ﬁ}’ {kz})) H S (Vsc(kclust.) - 57))

clust.
n

+Z /Hdk: |Mac(k:)| > © (Ve (k;) — 6v)
3
XY [/[dkhc] |Mue,e(®5, kne)| * ©(v — V({B}, {ki} bnc))
/=1
Q%ﬁ 2 gk, e
[ e - v | ).

(4.63)

where it is understood that when we write [Mqc(ki)| 2 © (Vie(k;) — 6v), the O-function is

applied separately to each dipole with the appropriate dipole resolution variable

Mo (ki) 2O (Vi Z 1670 (k) Cijy S (ki) © (V(”)(k ) — (51}) . (4.64)
and the squared matrix element |Mg(ky,..., k)] 2 is approximated by
’M kla s 2 H @ sc clust 5’”) = H ’Msc(kz)’ 26 (Vsc(kl) - 5’0)
clust. =

"‘Z H |MSC(ki)|2@ (Vs (ki) — 5”)‘M80(kaukb)| @( Vic(ka + kp) — 6v)

a>b i=1
i#a,b

+ O‘Sg]':R) Z H |Msc(k‘z)| 2@ (‘/sc(k'z) — (51}) |Ms,1(ka)’ 2@ (Vvsc(ka) _ 51})
a =1

i#a

(4.65)

where Vic(kq + k) is defined as in Eq. (4.31), and x(#), () $(9) are the transverse mo-
mentum, rapidity and azimuth of the four-vector k, + k; with respect to dipole (ij).
The cancellation of infrared and collinear divergences in the first term of Eq. (4.63) can
be handled with a simple subtraction scheme as outlined in Ref. [4], which allows for a
numerical evaluation in d = 4 dimensions. The cancellation of collinear singularities in
the second term still requires the use of dimensional regularisation. In order to make

the second term suitable for a numerical evaluation, we add and subtract the following
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counter-term

3 Q2 )
H(®p, 0s(Q))e 0 exp {—2/2 2 dkk;w(as(k,e))}
=17 Qv
x Z / H (k] M (k) 2 © (Vaolke) — 60) (4.66)

; / (bl Mieg (o) | 2 O(0 — V ({5}, (ki) ©(v — VaelFne))
=1

and recast Eq. (4.63) as follows

S(0) = H(®s, 0,(@)e =0 exp{ Z / etk e>>}

« {Zi, / H[dzﬁ] (Ma(kr, k)| * O = VB (ki) [T © (Veelketust.) — v)
] clust.
+Z /H [dE;] [Msc(ki)| © O (Vae (ki) — 6v)
3
X [dEnc] [Mic,e(k c)’2
gz:; [/ h hc,£\*h

X (@(v —V{p}{ki})) — O(v = V({p}, {ki})) O(v = Vac(knc)) >
k,

Q2 a+b[ de as(

+ ( [ bl Mo 00 ~ Vel - [ 2o é°)>
<00~ V(7). )] |

(4.67)

The integral in round brackets of the last line of the above equation can be evaluated
analytically as follows. For each leg ¢ = 1,2, 3, we expand the O(v — Vi (kp)) function in
the last line of Eq. (4.67) as

O\ * . () a+bg )
O — Vic(hne)) = © ( —d (%) e )gew“))) -0 ( - (’6@) %)

( a+by k(f) a-+by d ((Z)(Z))
(4.68)

where we neglect N3LL corrections in the expansion.
With the expansion Eq. (4.68) it is sufficient to use the azimuthally averaged splitting
function in d = 4—2¢e dimensions to construct the hard-collinear squared matrix element in

the subtraction term Eq. (4.66). This is because in Eq. (4.68) the only term that involves
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a non-trivial (¥ dependence is finite in d = 4 dimensions. In this approximation, the

hard-collinear squared matrix element relative to each leg £ is given by

¢ (©) 2e 0 (©)
2 evE dk? () d¢ Oés(k’t ) .
[dk] ‘th,f(kj” - 2F(1 — 6) kt(g) (k(g)> dz ot o <Pg(z, €)> ) (469)

where the running coupling has been renormalised in the MS scheme, and

(Py(z: ) = (B (z:0)) — 22, (4.10)
(Py(z50) = (P21} + i (P glzi0)) = 24, (4.71)

for a (anti)quark and gluon leg respectively. The factor —2Cy/ 2 eliminates the double
counting of the soft singularity which is already accounted for in the first line of Eq. (4.67).

After performing the integral in the last line analytically, Eq. (4.67) becomes”

ENNLL(U) = H({ﬁ} 045( ))e_RS(U)_Rhc(U)

Rs(6v)
o {Z / H A My, ) 2000 — V() (ki) T © (VaeChen) — 60)

clust.
n

+ ZO E / 1:[1 dk ’Msc 9 (Vsc(kz> - 5“)

3
> [dfm]|th7e<kzhc>|2(@<v—v<{ﬁ},{ki},khc>>— (v — V ({7}, (k) Ov - scuchc)))
/=1

3

aS(Qva-‘y—be
$y ) MZ i) H (05 LM ) 2 © (el — ) €0 = V({3), 1:1)}.
(=1
(4.72)
where we have introduced the hard-collinear radiator defined as
e z / L) (4.73)
The hard-collinear constant C}(IBZ is given by
7T by 3 2F, 1
cl) —cp (= log dgge) — byl - 4.74
hew = OF \ 5 5p, ¥ g, \U0gdgn) —belog =57 | +5 ] (474)

9

1 4
oW _<67 3 ) be  AmBo 3

2E,
= Cy——T log d — byl -T 4.75
heg RE ) et <<0g 19¢) — belog —— 0 >+ rnr, (4.75)

for hard parton with the flavour of a (anti)quark or gluon respectively, with

2 Q@
(ogdegr) = [ S5 log dign(6). (4.76)

"we abuse notation slightly: in the 4" line of Eq. (4.72) the hard squared matrix element [Mue ¢(kne)| >
acting of the first ©-function is the full hard-collinear matrix element with all of the spin dependence,

whereas it is the spin averaged hard-collinear matrix element that acts on the second ©-function.
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Finally, the constant part of virtual corrections at NNLL is given by

H(ws,0,(Q) = 1+ “5 D HO) (@) + O (o), (@.77)

where the explicit expression for H(M)(®g) is in general rather long and complicated.

However for two-jet events H() takes the simple form
HY(®5) = Cp (-8 +72) , (4.78)

in fact in the two-jet case the hard constant is independent of the underlying Born con-
figuration.
For three-jet events H(") is rather more complicated

2 F
HO (Bg) = (7;(20F +C4) —8Cp + (‘Zj\j’(??’)’ ’%23)) , (4.79)
B

where F(y12,113,23) is defined in Eq. (2.21) of Ref. [42]. In general H) is given by the
finite part of the fixed-order one-loop virtual corrections after normalising with the Born

level matrix element squared.

4.5.4 The NNLL master formula

Each of the terms in the resolved contribution to Eq. (4.72) can be recast into a finite set
of corrections, so that the NNLL cross section ¥g(®p;v) can be parametrised with the

following master formula (we define A = a(Q)Bo log 1)

3 a+b

=1

as Q)

5]:NNLL()\)] :
(4.80)

where the functions Fnrp and dFnnp1 have a general expression for any rIRC safe ob-
servable [3, 4, 67] and can be efficiently evaluated numerically in d = 4 dimensions. Let
us briefly describe the objects in eq. (4.80). First we have the soft radiator Rs which
includes the contributions due to the unresolved soft and optionally collinear radiation,
thus the soft radiator contributes terms of LL accuracy and above. The second term is
the hard-collinear radiator Ry, which includes the contributions due to the wunresolved
hard-collinear radiation, thus the hard-collinear radiator contributes terms of NLL ac-
curacy and above. Next we have Fyp1, which includes contributions due to resolved soft

and collinear radiation, we truncate this term so that its contribution is purely NLL. The
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following terms H @, CISBE and 6 Fnnrr, are the first purely NNLL terms. H®) and C}(IBZ
are constant terms due to the virtual corrections, by multiplying Fnir, these terms are of
order NNLL. Finally there is the d Fxnrr, which is due to resolved radiation that is soft
and/or collinear and is a pure order NNLL term. The NNLL function is decomposed as

follows

6FNNLL = 5Fsc + 5era + 6]:5 + 5Fcorrel + 5'/Tc1ust + 5Jrrec + 5~FhC) (481)

where each term has a well-defined physical origin.

e The correction terms 0 Fgsc, 0 Fwa, 0Fs, 0Fcorrel and dF¢lust have their origin in soft

resolved radiation, the first term in the curly brackets of Eq. (4.72).

The soft-collinear correction function . F. accounts for running coupling corrections
to the real emissions in the CMW scheme [59] and the correct rapidity boundary
for a single soft-collinear emission. For event shapes variables this correction is
particularly simple [4] as the rapidity dependence of the observable can always be
handled analytically. For observables with a more complicated rapidity dependence,
such as jet rates [67], the running coupling correction 0F and the correction due

to the rapidity boundary §F5:" must be treated separately.

The wide-angle correction function §Fy, accounts for the difference between the
observable and its soft-collinear parametrisation for a single soft wide-angle emission

accompanied by many soft-collinear gluons.

The soft correction function d.F; accounts for the emission of a soft wide angle gluon

at the level of the matrix element squared, but evaluated with the V..

At NLL all resolved emissions are strongly ordered in angle, and thus emitted inde-
pendently. The matrix element used to compute the function Fyr1, is simply given
by a product of an arbitrary number of single-gluon emission squared matrix ele-
ment ]Mvsc(kz)] 2, in the decomposition of Eq. (4.44). Starting from NNLL two or
more resolved emissions can become close in angle. In this type of configurations,
the squared matrix element is given by an abelian term (defined by the product of n
single emission probabilities) and by non-abelian, correlated clusters of two or more
particles (see Eq. (4.44)). At NNLL it is sufficient to account for the effect of only
two emissions becoming close in angle, while the others can be considered far apart.

This induces two types of corrections: 6 Fcorrel and 6 Fejust-

The correlated correction function dF.,re accounts for the insertion in the re-

solved ensemble of soft-collinear, independently emitted gluons of a single double-
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soft cluster |./\75,0(k1, k)] ? that is defined as the non-abelian part of the square of
the double-soft current [4]. The clustering correction function §Fst (defined in
Ref. [67]), on the other hand, accounts for the contribution of two independently
emitted gluons that become close in angle. Due to the properties of most event
shapes, this correction usually vanishes. It becomes different from zero only when
the observable has a non-trivial dependence on the rapidity of the emissions, as for

instance in the case of jet rates [67].

e The hard-collinear correction d0JFy. and recoil correction §F;e. originate from the
second term in the curly brackets of Eq. (4.72), and have a hard-collinear nature.
The emission of a hard collinear parton induces two types of corrections: at the level
of the squared matrix element (encoded in 6Fy.), and at the level of the kinematics,
due to the recoil of the whole event against the hard-collinear emission (encoded in
0Frec). Note that in general §Fe. contains contributions due to spin correlations

and as a result may be dependent on the underlying Born momenta.

¢ Finally, the term

3 a+b[
]:NLL(A) (1 + 2(Q H(l) + Z Qg QU }E?@) , (482)
(=1

arises from the first and third term in the curly brackets of Eq. (4.72), where N3LL
corrections were neglected. The function Fnrp, is purely NLL [3], while the mul-

tiplying constants H() and C}E};)e induce NNLL corrections.

Before proceeding, we stress that in the definition of the unresolved soft radiation
given in Eq. (4.50) we have some freedom in deciding precisely how we define resolution
variable. In particular, instead of V., we could use any observable V¢ that shares the
same leading logarithms as the full observable V that is being resummed. We choose
Vie out of computational convenience, as for an rIRC safe observable this allows us to
compute all of the ingredients in the Sudakov radiator analytically. If we were to choose a
different resolution variable we would find a different Sudakov radiator, and consequently
the different functions Fni1, and d FNNLL.

A particularly important aspect of the definition of the resolution variable concerns
the way Vg in Eq. (4.50) is evaluated on the total momentum ks, of a cluster of more
than one particle. Although the cluster has a non-zero invariant mass, Vi, (4.30) does
not depend on the mass, and hence, in the definition of the resolution scale, the cluster
is treated as if it were massless. This greatly simplifies the calculation of the Sudakov

radiator, as we can evaluate the integral over the invariant mass of the web analytically.
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4.6 The Sudakov radiator

In this section we explicitly compute the Sudakov radiator defined in Eqs. (4.57) and (4.73)
to NNLL.

4.6.1 The soft radiator

With the choice of resolution variable as in Eq. (4.31), the soft dipole radiator reads

R (v Z / dk ()2 4+m?) © <déij) <"é?>ae—62ﬂ§f>ge(¢(ij)) —v) 6(771(;))'
te(ij) "

(4.83)
where the phase space is given in Eq. (4.35). We note that the phase-space measure
contains the massive rapidity y of the web as defined in Eq. (4.35), whilst the observable
is expressed in terms of the rapidity of a massless parton n(®. This miss-match in the
rapidity will give rise to two separate contributions to the soft dipole radiator. We separate
out the different contributions to Eq. (4.83) in a way in which LL, NLL and NNLL are
each separated. The first step to achieve this is to isolate the dependence on dygs(¢) by
expanding the observable constraint in Eq. (4.83). This proceeds in the same fashion as

we did in Eq. (4.68), we find

g g @\ @\
0 (dyj)gg((b(z])) (FCQ) e—bmff) _ ’U) ~ 0 (10g [(f‘ﬁQ ) —by 771(4)] _ ]ogv)
1) )

i)\ * g g
+9 (10% [(2) v "(Z)] — log v) log (dém ge(p!"?) )) (4.84)
1]
(i9) ® 1 . .
/ K —b o | - 2 (i7) (i)
+6 (log [(QU> ] 10gv> 5 log (de Ge( )) :

The first term in the above equation starts at LL accuracy, the second at NLL accuracy,

and so on. Inserting this expansion into the soft radiator Eq. (4.57) we find

. 1
RD(w) =~ 3 (mv) +74(0) (log dge) + 57" (v) (log? dzgz>> . (as)
Le(i4)
with
dAk . < (i7) “ (e) ¢
ru(0) = [ g wlm (<) 4 ) © (( o ) e — ) o(n),
dry dre(v)
,_ _ 4.86
7“4 dlog% v dU 9 ( )
T// _ dT‘Z — _vdTZ(U)
£ dlog! dv -

We first cast our attention onto ry(v). The kinematic boundary for the rapidity integral

is
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log (Qij // (k)2 4 m2>, the boundary of the massive emission. Instead of computing
directly the integral in Eq. (4.86), we split it into the sum of two terms as

ro(v) = rg(v) + orp(v), (4.87)

where 79(v) is defined as in Eq. (4.86) but with a massless rapidity boundary, i.e. log(QU /K )
)

This defines a massless radiator, in which Nij

d*k Qij DN 0
rg(v) :/Ww(mQ,(n(J))Q—i—mQ)@ <log J) —ng)> C) ((Qu e @(ng)).
(4.88)

coincides with y;;, i.e.

The massless radiator beings at LL accuracy. The function dry(v) defines a mass correction,
which accounts for the correct rapidity bound. By inspecting the phase space constraints
due to the physical rapidity bound and the observable, we find that the rapidity integral
is bounded by log<Q¢j/\/m) only when x(#) > vﬁQi]’. This leads to the

following expression for the mass correction to the soft radiator

4 1
5ry(v) = / (;’;w(m?,( KDY 4 m?) O () — 077 Qi) ©(1Y)

x 6|1 Qigj_ o) _ol; Q3 o
> (kU9))2 + m? "y o8 (k)2 Mi; :

(4.89)

We can justify the separation of the radiator in Eq. (4.87) on physical grounds. If we ignore
the running of the coupling constant, then the massless radiator r?(v) only contains double
logarithmic terms, while the mass correction dr;(v) is purely single logarithmic.

Let us now focus of the massless radiator at NNLL. Eq. (4.88) can be evaluated by
recalling that the resolution variable was chosen so that it does not depend on the mass
of the web. Therefore, in Eq. (4.88) we can freely integrate over the mass of the web. The

integral of the web w(m?, (k)2 4+ m?) over its invariant mass defines a generalisation of

the physical CMW coupling [59]:

/ dm? w(m?, ()2 + m?) = (47)? (K(ij))2a§hys'(kt). (4.90)

The physical coupling o is related to the MS coupling a; as follows

n=1

where the set of constants K, are perturbatively calculable and, once identified, the

massless radiator 1"2 (v) is fully determined for any observable, and given by

dk() QB (i) rlog(Qis/r7) k(@) \
0 _ s —bemi; _
i (v) /H(ij) - /0 dn© On e i —yp | . (4.92)
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At NNLL accuracy, in the expression of % we need to include only KM and K@ | whose
expressions are obtained by integrating the web up to order a. This requires contributions
up to the triple-soft current at tree level [68], the single-soft two loop current [69], and the
double-soft current at one loop. We reproduce the explicit expression for K" in Eq. (C.6)
and K@ in Eq. (C.7).

For the computation of the mass correction at NNLL, we only need to consider the web
up to 2. The only non-vanishing contribution is due to the double-emission soft block,
’Ms,O(ka;kb)’ 8 We reproduce the form of \MS,O(ka,kb)\ in Appendix. C.4. Using the

rescaled variable p?2 = m?/(k(9))2, we find

5 1 [@i dr() [ (k) o
re(v) = Z/Qijv‘”}bé < (i7) /0 N2(1 +#
) (Vrew)
x | Cal -2 1 4.93
< alog =7 mPo | log 522 (4.93)
1 [Qi dr®) [ ay (k)
_Wﬂo@z/@jvaibl @) ( )

4.6.2 The hard-collinear radiator

The hard-collinear part of the radiator, defined in Eq. (4.73), starts at NLL accuracy. Up

to NNLL accuracy, its expression is

5 o5 dk? o (k) (0) s\ (1)
RhC:; / it K2 2 i+ (50) "] (4.94)

(0) (1)

and v, are the coefficients of the d(1 — x) piece of the
Pyy(z) splitting functions with an overall minus sign. 7{50) is given in Eq. (C.8), %(]O) by

Eq. (C.9), v ( ) by Eq. (C.10) and ’yé ) by Eq. (C.11). These are all of the ingredients

In our case, the coefficients -,

necessary to determine the hard-collinear radiator.

4.6.3 The radiator up to NNLL accuracy

The computation of the radiator proceeds by integrating the explicit form of the radiator
as defined in the above sections with the running of the coupling. At NNLL accuracy, we
must use the following renormalisation group equation

do
Hhgs = —Hoas — Prog — faay, (4.95)
KR

8The virtual corrections to the single-emission soft block are massless.
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where (g, f1 and 32 are given by Egs. (C.2), (C.3) and (C.4) respectively. For resummation
purposes, it is sufficient to solve Eq. (4.95) using the following ansatz
= as(Q "
o) =Y (S0 50, 1= auseton(uh/@?). (4.96)

n=1

Plugging the above in Eq. (4.95), we determine the f; coefficient functions to be

fa(t) = —gl log(1+1), (4.98)
0
P A2
f3(t) = —%t + (/80> [t + (log(14+t) — 1)]log(1+1¢), (4.99)

and we can neglect the contributions of f4(¢) and beyond, as these correspond to N3LL
terms.

It is customary to express the radiator in terms of A = a5(Q) S log %, and we will do
this for the hard-collinear radiator. Note however that each of the soft dipole radiators
is instead a function of A\;; = as(Qij)50 log % We can expand the soft dipole radiators
around a(Q) to recover the usual parametrisation in terms of A. This will be necessary
to ensure that our resummation is not contaminated by higher order terms originating in
the different scales of the running coupling. We will return to this point when we express
the complete resummation. We now parametrise the radiator in terms of functions of A

and A;j, in such a way as to separate LL, NLL and NNLL contributions:

re(Nij) ~ r?(/\ij) + ore(Nij) (4.100)
rp(Nij) = —Oiiéogg)(&j) - gée)(/\ij) - %g:(f)(Aij) ; (4.101)
5ro(g) = —=6g3" (i) (4.102)
Rice(N) = —hg"(\) = S0 (), (4.103)

To ensure that our result is NNLL accurate in terms of the A\ variable we must expand
each of the soft dipole radiators around A keeping only the terms up to NNLL accuracy.
This procedure is straightforward to carry out and the appropriate replacements are given
by Egs. (C.24,C.25,C.26) for LL, NLL and NNLL accuracy respectively. For the hard-

collinear radiator no such replacement must be carried out.

4.7 Resolved radiation at NLL

In this section we will compute the contribution to the observable by the multiple resolved

emissions. At NLL accuracy we only need to consider soft-collinear emissions that are
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emitted independently. This contribution was originally determined in Ref. [3], we work

through the details showing the effects due to the dipole structure.

4.7.1 The NLL correction Fyir,

At NLL accuracy the contribution of the resolved radiation is due to an ensemble of soft
and collinear gluons that are widely separated in rapidity, this is the first term in the
curly brackets in Eq. (4.72) where we take the matrix element to contain only the first
term of the clustering Eq. (4.65) (the matrix element is a product of independent soft and

collinear emissions). This gives rise to the function

o—Rs(6v) 2 n

1 -
F0) = oy 2o /5 [LldkliMecti) 20 (v = VaelfB}, () . (4104)
n=0 V=1
at NLL accuracy we can make the replacement

e—Rs(&)) v )
R P (— /5 [dk] [Me()] ) ; (4.105)

v

and using this expression we can rewrite F(v) as

f(v)—e—fs”v[dﬂMsc““)lzi:” /6 ﬁ[dki] \Msc(ki)\2®<v—VSC({ﬁ},{k,-})). (4.106)
n=0 v i=1

Although this expression has all of the terms necessary to achieve NLL accuracy, it also
contains subleading effects. We would like to eliminate these to ensure a pure NLL result,
with no higher order contamination. We will address each of the NNLL corrections in
turn following our computation here.

Before finding the purely NLL approximation to F we will reparametrise Eq. (4.106)
to make it more amenable for numerical evaluation by Monte Carlo methods. In doing so
we will reveal what approximations are necessary to achieve a pure NLL result. We begin
by transforming k; to coordinates defined by the triplet (vi,fyi), gZ)Z(m), there is such a

triplet for each dipole that we consider. The members of the triplet are defined as follows

e v; is the value of the observable in the presence of a single emission k;

)\ ¢

ij ~ ij Ky —by ') i

UZ( )= Vsc({p}a ki) = déi]) (Q) e beii gei(éz@ )) ) (4.107)
ij

where all of these variables depend on the dipole we are considering. To avoid the

notation becoming too dense we only label v; with the dipole index.

. Eyi) is the rapidity fraction defined as the rapidity of the emission divided by the
(i7)

i

; ij l;
€ _ n" @ _ 1 Ay g, (61)
&= ; = log
i ) 7,max a—+ bfi U-(ij)

7,max 7

largest available rapidity for a given value of v

(4.108)



74

. gbyi) retains its usual definition, the azimuth of a given emission with respect to the

leg £;.

The relationship between the old variables and the new variables is given explicitly by

() _ele) (i7)
og i = 0t (L=ENbe ) v o (4.109)
Q a(a + b&') d&g&-(@ )
) = ) (4.110)

note that ¢ is unchanged between the two coordinate systems. In terms of the new

coordinates we can write the probability for a single emission as follows

d’U (i) 2T d¢(ez)
/ [dki] [Mee (ki) 2 =D Cjy > / (” / / — X

(45) £;€(if)

at (16 ))b

(ZJ) ala+by,)
phys. i
Qg Qij <d(z]) (¢(l ))> 10g ( (J) (¢(f ))>

(w)
X 2 %

4.111
T al(a + by,) ! )

now we make some further approximations. The first thing we do is replace o hys. by the
explicit running, at NLL accuracy we only need to include the one loop running of the

coupling.

/[dk:]|MSC : ZC(U Z /d” /dg( /QW(M;ZE?X

dy'? 9o, (9(4)
log @

X 2

) o (4.112)

O‘S(Qij)
a+(1—¢),

. . a(a+ by,)
+ W%fo%(@g) log <W>

1

Grouping terms together we see that the we have a complicated integral over the rapidity

fraction fi(m

de®

1
N(as(Q) logv) = / 0) .
0 1+ S8 98, 0,(Q) log

(4.113)

We now choose to normalise this integral, i.e. we would like to change the integration

measure to include this extra term. To that end we can multiply the integrand by 1 in a
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clever way
¢(€2)
/[dkHMSC 7 ZC('L] Z / (’Lj / dg / ﬁx
(i5) IASG)
y as(QU) log W 2 1 y
) —_
a+(1— b (i) ™ ala + by,
TR )
l
[ . (1)
N(as(Qij) logv; ™) Jo 1 4 7‘”5@; )by 2ﬁ0as(QU)logU(”)
di" g0(6")
We introduce the variable \j; = a;(Qi;)folo gT (another variant of the usual

z

A) and focus on the integral over the dummy variable, £/, that we introduced in our

normalisation of the &; integral. This integration can be performed analytically, we find

21/ ) ij
+b _ pat(1—¢®)b,
5o ala +be) Jo 1 — 2o b

2 1 2N, 2N,
= — ala +b) log(1—-—"2 ) —log 1
B0 ala + by) 2by a+ by a

1 . . 2)\;]- | 2)\;j
= bemfo [°g< _a+be) B Og( a ﬂ

= T{\ILL,Z()‘;j) , (4.115)

this expression is the derivative of the soft radiator at NLL accuracy. Making this identi-

fication we can rewrite the integral as

/[dk;]\/\/tsc D2 =" Cuj Z/ (w /%dgb

(i5) 4;€(iF)

4
. 1 / e y
'U,EU) 0 a+(1_£iel))b€1 Uz(”)
N(as(Qij> log (deigei(¢§zi))) 1+ “alatby,) 250045*(@1:]') log dq!]q((ﬁyi))

(i)

’U-
X raie | as(Qij)Bolog | ——— || . (4.116)
NM( ’ dy? g, (6

. . . . . , 3 .
In fact our choice to perform the running at one loop is what gives us 7y, considering

a more general running, at an arbitrary loop order, we would instead find the derivative
of the full soft radiator. There is one final transformation that we can make to aid our

calculation, and that is to introduce
(J)

(25)
4.11
(=t (1117)

the ratio of the observable’s value corresponding to the i*" emission to the observable’s
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actual value v. Performing this change of variables we have our final result

/[dk‘]lf\/lsc DN2=S"Cuy 3 /dg” /%d(z)(“

(i7) 4;€(i5)
1 del
. N 1 gi(ij)v 0 1 a+(1- 5“ ))bézz Ci(ij)U )
Oés(Qij) og W + W IBOOés(Qz]) W

/ C‘(ij)v

K3

where we have replaced 7y by the more general result 7.
Now that we have a parametrisation for F we can start consider the appropriate
approximations to make this a purely NLL result. We start by consider the integration

over the rapidity, at NLL accuracy we make is the following approximation

1 /1 dg,@ ) / (z
: @
N(as(Q) log UZ) 01 + %260058 log (%

this is legitimate because at NLL accuracy we only need to consider the ordering of the
emissions in rapidity. We can replace the complicated integral over ¢ by any function
monotonic in £, so as to preserve the rapidity ordering of the emissions.

Next we see that r’ encodes the dependence of the observable on the true rapidity
boundaries. However these are NNLL contributions and in fact to ensure we only have

NLL terms we must approximate the true boundary by

ij 4;
(L) _ 1 1o déij)ggi((bl(' )) N 1 lo 1
i max = a -+ bﬂi g U(ij) a+ bfi & U(ij) '

1

(4.120)

Equivalently we can expand 7’ as this contains the dependence on the phase space bound-

ary of the observable

/ C(ij)v / 1 "
Ty (Ots(Qij)/BO log (W)) =Ty <as(Qij)ﬁ0 log ’U) + O(’I”g) . (4.121)

There is now no dependence on the dy, dgij ) ge or ¢. ' also contains subleading contribu-

tions, we neglect these by making the further simplification
Ph(\) = rhans(hg) + O(NNLL). (4.122)

We have eliminated the subleading terms due to the functional form of 7/, but this expres-
sion still contains subleading terms due to the running of the coupling. To remove this we

must expand 7’(\;;) around A

rNene(Nij) = rapne(A) + O(NNLL) . (4.123)
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Before we proceed to the final statement of F it is helpful to examine the structure of the
sum over dipoles. This double sum is rather cumbersome, so we will work to remove it
and express everything that we can as a sum over legs. At this order we observe that
3
Z Cj Z rNLLe(A) = Z Cornrre(N) = Rypn(A), (4.124)
(i5) Le(ig) =1
which allows us to replace the sum over dipoles by a sum over the legs. With these

simplifications F(v) ~ Fnpi(A) where

v—0

FNLL(A) = /dZ[{Rf\ILL,zN ki}]© (1 — lim W) ; (4.125)

and all of the subleading terms have been neglected. In Eq. (4.125) we have introduced
the average of a function G({p}, {ki}) over the measure dZ[{ R\ ,.,k:}], which we have
defined as

/ AZ[{Rivvrg,, i} GUBY, {ki}) =

R o= LT (746 o [ [Fdel -
S T[S [ ae® [ S R (G (k) - (4120)
n=0 i=1 li=1

Note that the dependence on the regulator ¢ cancels in Eq. (4.126). The limit v — 0

in Eq. (4.125) is necessary to remove contributions that are power suppressed in v. The
existence of this limit in the ©-function of Eq. (4.125) is guaranteed by the rIRC safety of
the observable, which imply that the quantity Vi.({p}, {k:})/v is independent of v, with
corrections that scale as a power of v.

Whilst we have considered the full dependence on the rapidity fraction &, we will not
do so in the following sections. We will specialise to event shape variables, where we can
integrate inclusively over £. For related variables such as jet rates and jet vetoes we must

keep the dependence on £.

4.8 Resolved radiation at NNLL

We now will consider the corrections to the NLL multiple emission function that are
necessary to achieve NNLL accuracy. The form of dFy., 0 Fwa, 0Fcorrel, 0Frec and 6 Fpe
was first determined in Ref. [4], where they were determined in the case of two-jet events
in eTe™ annihilation. The correction dF. . was originally determined in Ref. [67] in the
context of jet rates. More recently dFcorrel was reformulated in Ref. [61]. We will derive
all of the NNLL correction function from their basic definitions so as to determine their
appropriate form. We have already anticipated a new correction due to the soft in the

form of 6.F.
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4.8.1 The soft-collinear correction .F,.

The soft-collinear correction contains two sources of corrections. The first is due to the
running of the coupling due to the inclusion of additional terms from Eq. (4.65), and
the second from taking into account the exact rapidity boundary for a single emission in
the soft-collinear ensemble. For event shape variables we can treat these two corrections
simultaneously, by taking Eq. (4.118) and considering the next term in the expansion of

1y, which takes the following form

dwé@«b) +O(NSLL).  (4.127)

7"< Cv ):r/ v) + 71 v) 4+ 7§ v)lo
[ dege(d) NLL,é( ) NNLL,@( ) NNLL,Z( ) log

The first term encodes the NLL rapidity boundary, the second term contains the running of
the coupling and the third and final term contains the exact rapidity boundary. Including

the expansion of 7 at this order in we find [4]

/ i 1
F(v) = it | 1 — Z Cij Z (rf\INLL,z()\ij) + Tf\IINLL,e()\z‘j) <log d1§])9£>) log 3
(i9) Le(ij)
1 1
—grf\IINLL,z()\ij) log2 5) X

dCZJ d¢§£z)
ZH,HZ%/ > [

(i7)
=0 =1 (i) G et
(i) (£;)
dg, ge, (d)z )
x (T{\ILL,&- (Xij) + TNNLLe, (Nij) + TRNLL g, (Nij) log —————— C(ij) X

e <1 iy Vel (52)

—0 v

X

) . (4.128)

We can simplify the above equation by keeping only terms in the sum that are linear
in TII\INLL,E or T{\/INLL,ev i.e. we correct a single emission at a time. This ensures that no

contributions beyond NNLL accuracy are included. Next we must expand all of the terms
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around A\ and separate out the dipole dependence

/ 2F 1
F(v) = ot | 1 - Z Cij) Z (Tf\INLL,e()‘) + rNLLe(A) <<log dege) — belog Qe>) log 5

(i5) Le(ig)

Qi 1 1 1
+r{\,INLL,Z()‘) la + b, — 2] log ¢ log - — *T&NLL,Z()\) 108;2 5 X

Q 5 2
dg; (i) dd)gfi)
Z 'HZCU / CZJ) Z/ 27 .
_ =1 (i5) i 6;€(45)
de,ge, (817 2F,
X (Tll\]LL,fi ()\) + TII\TNLLJ.L- ()\) —+ TKTNLL,&L- ()\) <log elgélc(;ﬁ’t) _ bﬂi log C)l@)
i (V) [a+ by — 2\ To Qw’) o (1 i Veed) K, {kz-})>
7 Q v—0 v
~ Fnip(A) + (Q) 5 Fse(N) + asff))(gfs()\)’ (4.129)

Where we have made the dipole energy scale @;; explicit in F. In the final line we have
separated the expression into terms that are independent of the dipole energy scale and
terms with an explicit dependence on the dipole scale. The former make up the soft-
collinear correction (Fnpp and dFs) and the latter make up the soft correction (0F).
Moreover, we can express the virtual corrections in Eq. (4.129) as the integral over an

extra dummy emission as follows

1 ¢ 1. 5,1 [fhdg, 1
10g5/5 & 21 5/5 flogg. (4.130)

With this representation of the virtual corrections we can write the soft-collinear correction

00 3 27 V4 4
T d¢ d¢( ) / 1 dzge(¢( )) 2E,
0Fsc(N) = / —E / — | R + R log————= — bylog — X
(A) as(Q) )y ¢ 2 Jo o NNLL,¢ NNLL,¢ g ¢ ¢ 108 0

< [ a2l | (1= tig EUPREED) Coq g (1 -y PR

v—>0

(4.131)

where the average of a function over the measure dZ[{Ryyy, (., k:}] is defined in Eq. (4.126).
In the first term of Eq. (4.131), k = k((, ¢, £) represents an additional real emission, and
the second term corresponds to the virtual corrections. In Eq. (4.131) we have set the (
lower integration limit to zero, because singular contributions from ¢ — 0 cancel exactly

between the real and virtual corrections.

4.8.2 The soft correction J.F;

The soft correction takes into account the emission of a single soft emission from the

correct matrix element and an ensemble of soft-collinear emissions with the soft-collinear
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observable definition. Considering the dipole dependent terms in Eq. (4.129) we perform

the following manipulations

: s 2 i
rinLLe(A) [@ + b — 2M] log %] - (@ (a— 20 (a + by —2)) [a + b, — 2)] log %]

2 as(Q) lo Qij

ar1 -2 " Q
_ 2 as(Q) log Qij
1+ as(Q)Bo log Q;%a Q
2 1 i
~ Za(vhQ)log 2.

(4.132)

Which is sufficient to determine the soft correction,

S(va 1, Q ¢ [*d
N =320 2 Lo D [T [TE2 [azi(rin ki
(i5)

" [@(1 lim sc<{p}k{k}>> @(1_09(1 ({p}{k})>]

’U—>O

(4.133)

4.8.3 The soft wide angle correction .F,.,

This correction arises when one of the soft gluons is emitted at wide angles. We parametrise
observable dependence on the momentum of this wide angle gluon k as
(i)

R ’ (i5)
0 ) fad’ (0, 0) . (4.134)

In general, when 7 is close to zero (wide angles), the above expression will differ from the

Vel (), k) = <

expression of the observable after a soft and collinear emission k
(49)

(i5)
Q ) SC ("7’ ¢)) )
£ (5, 6) = dDebmg,(6)0(n) + dDebig; ()0 (—n).

With fixed values of (k) 1, ¢) for the extra emission k, we denote with Vi ({$}, k, {ki})

VD ({5}, k) = ( ss)

the observable computed by keeping the full 7, ¢ dependence of the emission k, and the
the soft-collinear approximation for all the other emissions.
This gives the following correction [4]

d:‘i(l]) Ol ﬁ(l]) o0
F = € Jruldh] |Moc(k IZ /JHdk: | Mec (ki ZQC”/ FM(W)/ dnx

(5) -

y /2” ;Lsﬁ [@ (1 T Vwa({ﬁ}7k7{ki})> _o (1 lim sc({ﬁ},k,{ki})ﬂ .
0 v

™ v—0 v—0 v

(4.136)
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Up to corrections beyond NNLL accuracy, we can modify the phase space integration for

the extra soft gluon as follows

A ay(57)  dCas((C0)*Q) _ dCas(veQ)

K@) T am ¢ am

1 (k@ \"
g:v< Q) . (4.138)

This gives Fya =~ (as(Q)/7)0Fwa(N), where

S Fwa ZQC(U a;(:za / dC/ /27r d¢/dz {RNLL,» ki }] X

(i) (4.139)
. {@ (1 - iy ol B (g Vel D]
v—>0

(4.137)

where

v—)O
4.8.4 The correlated correction 0F el

The definition of the correlated correction 6 Feoprel is given by [4, 61]

as(Q o 2 1 - 1 —~ 2
D5 () = e SO S [ Tk 25, bl o )|
n=0 "~ YVi=1 '

< ©1(0 = Ve () b (151) = © (0= tim Vel -+ o (1) )|
(4.140)

where k, and k; are the two soft emissions that are close in angle and collinear to the
same leg”. The remaining soft-collinear emissions k; are not close in angle and hence are
emitted independently. We denote the invariant mass of the web by m? = (k, + kp)?.

In the aid of clarity we will reproduce the discussion of Section. 3.4 of Ref. [61], the
discussion on how to obtain ¢ F¢orrel.

In order to make sense of the difference between the two © functions, we should first
discuss how the cluster of two soft partons is treated in the ARES algorithm.

The two-particle correlated soft block |J/\/lvs,o(ka,kb)| ? diverges when k, and k;, are
collinear, i.e. when the invariant mass of the cluster tends to zero. Such a divergence is
entirely cancelled by the one-loop correction to the single-emission cluster ]./K/lv&l (k)| 2, that
should be included at NNLL. In the evaluation of the Sudakov radiator, the cancellation
of the above collinear singularity can be performed analytically. This is because we chose
to define a resolution variable that does not depend on the invariant mass of the cluster,

and hence the corresponding integral becomes straightforward. This inclusive integration

9The configuration in which k, and k;, are collinear to different Born legs requires the parent gluon to

be emitted at wide angles, and hence gives at most a N>LL contribution.
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of |M_s,0(kq, k)| ? and |Ms1(k‘)| ’ produces the physical coupling in the radiator, see
Eq. (4.91).

In the resolved radiation the situation is more complicated, as in the full observable
we are not allowed to integrate over the invariant mass of the cluster inclusively. We
can, however, define a subtraction scheme to cancel the collinear singularity arising from

—~ 2
M 0(ka, k)|

the definition of the radiator. This can be done by considering only the total momentum

in four dimensions. We first treat the {kg, ks } cluster inclusively, as done in

kq + kp when evaluating the contribution of the cluster to the observable, and treat it as
if it were a massless (lightlike) momentum in the computation of the observable. This
once again allows us to combine it with the one loop correction to the single-emission
cluster ]Mvsl(k)] ? analytically. This contribution is captured by 6Fy which features the
coefficient K1) of Eq. (C.6), as explained in refs. [4, 67]. As a second step, we consider
the difference between the full observable, where the {k,, ky} cluster is treated exclusively,
and its inclusive approximation that we considered above to cancel the singularity against
the virtual correction. This is represented by the difference in the two © functions in
Eq. (4.140). It is important to bear in mind that in the second O function the observable
Ve treats the momentum k, + kp as if it were massless, in order to exactly match our
convention for the cancellation of real and virtual corrections in d Fy.. This is implemented
by the limit in the second © function in Eq. (4.140).

There are many ways to parametrise the phase space for k, and kp, to keep, in d Feorrel,
only NNLL contributions that correspond to configurations in which k, and kj; are collinear
to the same Born leg. We adopt the parametrisation of Ref. [61], we reproduce the details
in Appendix. C.4. This is the same parametrisation that we used to compute the NNLL
radiator. We define a rescaled invariant mass of the {k,, k} cluster u?> = m?/k2, and
we introduce the pseudo-parent parton k of k, and k; with transverse momentum k; and
observable fraction ¢ defined as

Vac(ka + k)

Et = Et,a + Et,b, ¢ "

. (4.141)

Using Egs. (C.49) and (C.51), the squared amplitude for a double-soft correlated emission
reads

sos(k) A dg1
dz——
2r (14 p?) 272!

¥ = [dk]| Mo (R)| Cop( 2, 0)
(4.142)

with Cup(p, 2, ¢) = C(ka, k) given by Eq. (C.52), and p? € [0,00), z € [0,1], ¢ € [0,27).

1 —
5 [dka] [dkb] ‘MS,O (kaa kb)

We understand that this expression must be interpreted as a sum over dipoles. The matrix
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element squared and phase space for the pseudo-parent k is given in Eq. (4.61). Actually,
due to the fact that the pseudo-parent has a non-zero invariant-mass, the integral over its
rapidity () should have the boundary |7¥)| < log (Q / W) However, following
what is done in the computation of the NLL function Fyri [3], we observe that the
exact position of the rapidity integration bound in the resolved radiation enters at one
logarithmic order higher. Therefore, in order to neglect all N3LL corrections and obtain
a result that is purely NNLL, we replace the actual rapidity integration limit with the

massless one, as done in Eq. (4.61).

1 o (1(09)
51 [ 1dkaldk]l Mao(ka, ko) | * = 3 Cigy 3 / i n<1>¥x
(i5) Le(ig)
O[S(IQ(U)) 27r
*or /o 1 —i—,u / / o 21 (2, 11, 9)

(4.143)

The integral over () can be evaluated analytically [4] and the correlated correction takes

the following simple form

L ki) Ma ok, 1) Ci iR, e (Aig)
2' [ H b” sO as b Z (ij é;)%aﬁox
v

/“/2”“(”/0 e , 92, e

(4.144)

Using the fact that k, and kp are collinear to the same leg £, we can approximate ¢(i) ~
99, and to NNLL accuracy we can replace \jjrunpr o(Nij) = Arinpre(A). With these
identifications we obtain 0 Feorrel

C[ode 3. ron de® A R (v)
(5]:correl()‘) - 0 CZ/ 27 (2&50 as(Q) ) .

[ e [ Stz [z
o (1t Sl Y g (1 Bl )]

v ‘u,2 —0 v—0 v

(4.145)

4.8.5 The clustering corrections 0.F

Clustering corrections arise when two soft and collinear partons that were emitted inde-
pendently become close in rapidity, and all other emissions remain strongly ordered. This
correction is not present in event shape variables as there is no dependence on the rapidity

fraction.

ENTROR
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4.8.6 The recoil and hard-collinear corrections d.F,.. and dF}.

The corrections arising due to the correct treatment of hard and collinear emissions is
more delicate than the treatment of the soft. Hard-collinear contributions arise when one
of the emissions is collinear to any of the legs and hard, namely it carries a sizeable fraction
of the emitters longitudinal momentum. The matrix element squared |M,(k)|? for the
emission of a gluon k collinear to leg ¢ is given by to leg ¢

aphyS( )d¢€ dk‘ ?)
2w 2 1O
t

(AR Mue,e(k)|* = Ce dz®py(29). (4.146)

The important part is that the collinear singularities are with respect to the emitter, rather
than the Born momenta or even the final state momenta. A mapping between the Born
momenta and the emitter can be found [4].

We have two NNLL contributions coming from the hard-collinear radiation. we have
to take into account the exact expression for the observable when a single emission is hard

and collinear

frec( )_6 f&][dk] [Mse( k)| Z / Hdk |Msc z X
i=1

27 do (0 dk'? o phys. (k )
d t s t

X [@ (U — th({ﬁ}, k[k;,pé}b 2]7 {kz})) -0 (U - Vsc({ﬁ}7 k[kévpg,b 0]7 {kl}))] :
(4.147)

In the above expression, Vi.({p}, k, {ki}) denotes the observable V' where all of the emis-
sions except for k are treated in the soft-collinear approximation. In the second ©-function
we have Vi.({p}, k, {ki}), here k is treated as though it were soft and collinear, so that
its transverse momentum with respect to the emitting leg k} is equal to k;. Notice that
in Eq. (4.147) we can replace k; by k; because we are integrating over this variable. We

make use of the shorthand notation
k' = K[k, pi g, 2], k = klk¢, plg,0] . (4.148)

To NNLL accuracy we can simplify the phase space for k, by introducing

_ Ldege(9) (ke
=" h (Q) : (4.149)
we have, at NNLL accuracy
A2 asll) _ as((7Co/ (dege(9)) Q) A a(v ™7 Q) dC (4.150)
kt2 21 7T(a + be) C (CL + bg) C ' '
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Making the same approximations to the soft-collinear radiation as we did for Fnrr,
we eliminate the subleading contributions and obtain Frec(v) =~ (as(Q)/m)0Frec(A) =
(as(Q) /) (0 Frec + § Fabins. ), where

e (A iaa L [P TOD e [ a2l R kil
y {@ <1_ii£% Vhe {p},vk’,{k:i})> _6 <1 tim SC({p} k, {k; }))}
(4.151)
and
SFEE (V) = Sp(@s) iaa +ng TE T [ 0z dnte 00
=l (4.152)
» / AZ[(Fhs g, 5 © (1 iy BetPREARIT )

where Sp(®p) encodes the spins correlations and their dependence on the underlying hard
event and Apy(z, @) is the spin dependent part of the AP splitting functions.

The second NNLL contribution coming from the hard-collinear radiation is due to the
correct hard-collinear matrix element, but with the soft-collinear limit of the observable.
This correction is very similar to the soft correction Eq. (4.133), in that we must subtract
the double counting due to the inclusion of soft-collinear effects. After removing the double

counting we find the expression

3

a+beQ >d¢ [ de® 20
P =3 2 AL [ T s (o) - 22 [ azi(Rano ks

e AT () Vel )
v—0

- >—®(1—4)@<1—v;0 =

(4.153)

4.9 Additive observables

Some event shapes have the property that they are additive, meaning that for soft emis-

sions

V{p} {ki}) =D V{Bh ki) + O(V?), (4.154)

i=1
while for a hard emission k collinear to leg ¢, the corresponding V({p}, k) has to be
replaced by Vi, as defined in Eq. (4.147). For this simpler class of observables, the NNLL
corrections can be significantly simplified. We will see that the soft-collinear multiple

emission function factorises from the NNLL contribution. For an additive observable the
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NLL multiple emission function reads

e*’YERi\]LL(A)
(14 RypL(V)

FNiL(A) = ¢ (4.155)

4.9.1 The soft-collinear correction

We consider the expression for the soft-collinear contribution §F. of Eq. (4.131), and use

the property of additivity to write the observable as

‘/;C({ﬁ}v k, {kz}) =(qv+ Vsc({ﬁ}7 {kz}) : (4'156)

With this we can write the expression for d.Fg. as

0 Fse(N) = T /OOdCZg: < 1 + R, <<logd4g4>—bglogw+log1>> X
sc OZS(Q) 0 C et NNLL,¢ NNLL,¢ Q <

X /dZ[{R{\ILL’Zi,ki}] [@ <1 — (¢ — lim W) -0(1-¢®6 (1 — lim W)} :

v—0 v—0

(4.157)

where we have used the property of additivity to carry out the ¢ integrations.

We define rescaled momenta {ky, ..., k,} such that for a single emission Vi ({5}, ki) =
(1 — ¢)Vae({p}, ki). The recursive IRC safety of V guarantees that when considering an

ensemble of emissions the observable will scale in the same way as for a single emission,

Vsc({ﬁ}> {kz}) = (1 - C)Vsc({ﬁ}a {];31}) . (4'158)

We can apply the momentum rescaling to the first ©-function of Eq. (4.157), we find

@<1—g—nmvsc({ﬁ}"{ki}>>

v—0

_o (1 LTSIl {@}))

o s (4.159)
_o <<1_O <l_lglv<{p}{k}>>>
—0(1-¢)6 (1_1{%‘/@) ‘

We make use of the explicit expression for dZ[{ Ry, ,,, ki}] and define G = Vie{p}, ki) /v,
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so that we find

AN [ , 2E, 1
6Fsc(A) = e Z RyniL e + Baniwy | (log dege) — belog ) + logg X
=1

R 2 d(]ﬁ(g i)
X0 NLLZn'H / RN\LLg, ¥

n=0 i=14;,=1

@(1—@/0 dfz <<Z_lfc>®<1_v'—>0%(m{k})>
~ot1-0) [ Fer - 0o (1 iy PR

2

X

v—)O

(4.160)

To simplify this expression we would like to reassemble Fni1,, factorising the NLL function
from the NNLL correction term. This is straightforward to do, we must multiply the first
term in the square bracket of Eq. (4.160) by one in a clever way (the second term already

reproduces Fnrr,). The appropriate choice for this factor is

R{\]LL
(1:9 . (4.161)

Performing the algebra that we have outlined above we find

(1- C)R&LL ( ) Z ol H Z /27r d¢ NLL,¢; X

i=1¢;=1

ot - [~ df (a- fg>@<1_v-ﬁosc<{p}{k}>>]

= (1— ¢ 01— ¢) FarL(M) . (4.162)

X

Finally we factor out Fnrr and we find for the soft-collinear correction

3
T > d 2F, 1
6Fsc(A) = ]:NLL()\)m /0 CC Z (R{\INLL,K + RANLL¢ <<10g dege) — belog ?Z + log C)) X
5 =1

X ((1 — )Rt — 1) O(1—¢), (4.163)

we can perform the ( integration analytically and we find

w

0Fsc(A) = —=FNLL(N)

(=1

+R\NLL ¢ ((log dege) — be 10g ) (1 + Rii) + WE) (4.164)

R 2 772
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4.9.2 The soft correction

We consider the expression for the soft contribution §.F; of Eq. (4.133). Using Eq. (4.156)

we obtain

(wsQ) 1 i [de [T d
SN = 20y o B [T [T [zl

ofi-c @mw) o1 -6 (1 1y

X
~

sc({p} (ki })ﬂ

v—>0

(4.165)

Rescaling the momenta in the same way as for the soft-collinear correction we get

s(veQ) 1 i [°dC [?md
(5./_'.5 J_"NLL 220(” o 'l) )7 QJ C/ ¢

S
(i4)

x[ﬂ—()m&@u—c»—@u—cﬂ (4.166)

= *-FNLL Z 20 G~ 7 Oés ) ) —lo %] <¢ (1 + RNLL) + ’YE) .
(7)

4.9.3 The soft wide angle correction

We consider the expression for the soft wide angle contribution dFy, of Eq. (4.139). Con-

sider an emission off of the dipole (ij) and we use the property of additivity to write

k(i
Vwa({P}, K, {ki}):< 0 ) £, 6) + Vee {5}, {Ki}) (4.167)

(7)

Q

Vsc({ﬁ}a kv {kz}) = (I{ ) fs(éj)(m <Z>) + Vbc({ﬁ}7 {kz}) ) (4'168)

which can be written in terms of the rescaled ¢ variable of Eq. (4.138) as follows

Via ({8}, {ki}) = Co i) (0, 8) + Vee (B}, {ki}) (4.169)
Vie({B}, b, {ki}) = Cofl (n, &) + Vie({B}, (ki) - (4.170)

s % 1 > q (e} 2 d ,
5fwa()\) = ZQC(U)O{OLQEC?CL/O f/oo dn\/o Qj:/dZHRNLL,&’kiHX

X fci))(l ~ (A (n,0) — lim W) -

v—>0

e(l—u¥<,w
(4.171)

We define two sets of rescaled momentum:

Vel(5). 01))).



89

o The first rescaling {k1, ..., k,} is of the momenta in the first ©-function of Eq. (4.171)
such that Vi ({p}, ki) = (1 —¢ (i) (n,®))Vac({P}, ki). The recursive IRC safety of V

guarantees that

Vel (B}, {(ka}) = (1= CAED (0, 0)) Vae ({83, {Ri) (4.172)
« The second rescaling {ki,...,k,} is of the momenta in the second ©-function of

Eq. (4.171) such that Vi.({p}, ki) = (1 — (f(” (n ,(b))Vsc({ﬁ},fti). And once again

the recursive IRC safety of V' guarantees that

Viel{B}, {ki}) = (1= CF8& (n, ) Vae (B}, {Ri}) (4.173)

We make use of the explicit expression for dZ[{ Ry, ., ki }] and define G = Vie({P}, ki) /v
and ¢ = Vie({p}, ki) /v. We perform the same manipulation of the ©-functions as we did

in the soft-collinear case, and we find

S FuaN) = 3 20 aa(i / d¢ / / d%RNLLZ H / ” d¢ R{\ILL,&,X

(i5) i=10;=

o (1- ¢ n.9) 0°°d§@<<i M)G(Hgo Vee (7). {k}))

©d¢ (= 5 i Ve (2} {Ki})
-0 (1= ¢/ (n.9)) L Ce (Q - 1—4]”(”(?7¢)> © (1 - Hop>]

(4.174)

We can reconstruct Fypr, making similar manipulations to those we made in the soft

collinear case, we find
s(va d¢ dg
5 Fua(\) = FarL(A chz a
i, L [ [ [
x (1= s ,¢>>R’NLL@<1—<f<”>( 9) = (1= ¢f (n,9))Bx ©(1 = £ (0, 9))

271' l]
= .FNLL Z 20(1] a; v / / 27‘(‘ (777 ¢))

(i) s (m (n, ¢)
(4.175)

4.9.4 The soft correlated correction

We consider the expression for the soft correlated contribution 6 Feorrel of Eq. (4.145), and

use the property of additivity to write

‘/sc({ﬁ}a ka, kba {kz}) = V:sc(ka) + ‘/sc(kb) + ‘/sc({ﬁ}v {kz}) ) (4'176)
Vee({P}s ka + kb, {ki}) = Vie(ka + ko) + Vse({D}, {ki}) (4.177)
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which can be written in terms of the rescaled ¢ variable of Eq. (4.141) as follows

Vae({B} o {ki}) = Coflo)iar (1. 2, 6) + Vae ({3}, {ki}) (4.178)
Vie {5}, b, {ki}) = v+ Vie({5}, (i) - (4.179)

Performing similar manipulations we obtain

0 ¢ 3. for de® A R (v)
(5 corre )\ = )\ T ,
Feorrel(A) = FNLL(A) 0 ¢ ;:1/0 2\ 2aBy as(Q) .

></o 1+u / /QW(21¢21' Canlp, 2, 6) (4.180)

[(1 — a2 ¢)) e (1 —f9 (2 ¢)>
—(1-fa -0,

and finally

3. r2m 44 A R
5Jtcorrel(>‘) = _‘FNLL(A) Z/O ;bﬂ' (20/50 CZIEI5L)6> -

x/o 1 +M / /% ;1¢ 21| ab(Hs 2, @) logforrel(ua z,P)

4.9.5 The recoil correction

(4.181)

We consider the expression for the recoil contribution 6F;e. of Eq. (4.151). We use the
property of additivity to write

7\ (a+be)

Vie({B}, K, {ki}) = <IZ§> OO, 0) + Vee (B}, (ki) (4.182)
(a+by)

Vae({D}, K, {ki}) = <g> D0, ¢) + Ve (U}, {ki}) (4.183)

where the presence of k’, rather than k, denotes that the full recoil has been taken into
account in the calculation of the observable. Performing a similar rescaling as for the wide

angle correction we find

3 2r g (5)
- EZ(IUMWQ [l [t (21
dFed (A) = Fnrn(A > a(Q)(a + by) pe 2)log o0 f(g)(z, ) (4.184)
3 271'
spins. _ 2 : Qs Ua-‘—bé Q) / /
5]:rec ()‘) -FNLL()‘) SP q)B 045 Q a n be Apg z ¢) log fhc (Z ¢)

(4.185)
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4.9.6 The hard-collinear correction

In a similar way, we can compute the hard-collinear contributing 6Fy. of Eq. (4.153).

Using Eq. (4.156) and performing similar manipulations we obtain

Qs an Q)

(0) (0) /
s (Q)(a + bg)7 <¢ (1 + RNLL) + ’7E> . (4.186)

3
6Fhe(A) = —=FNLL(A Z
-1

4.10 Conclusions

We have repeated the derivations of Ref. [61] allowing for all the possible contributions
to a three-jet observable. We stress that the derivation here reproduces exactly that of
Ref. [61] when we set the number of legs to 2. We have an extra resolved correction in
the form of §.F; to account for the mismatch in the treatment of soft wide angle radiation.
At NNLL accuracy the other soft corrections remain the same, however we note that this
would not be the case at NLL, where instead we would start to see additional dipole
contributions, although it may be possible to absorb these into dF; or a similarly defined
soft correction. In the case of collinear corrections we see that the addition of a final-state
gluon leads to spin-correlations, and we are no longer able to factorise the Born squared
matrix element and the hard-collinear squared matrix element.

We have calculated the main building blocks for a general NNLL resummation of rIRC
safe final-state observables with an arbitrary number of hard emitting legs. The only
missing ingredient is a general treatment of both initial-state radiation and soft wide-angle
corrections for a system with more than three hard emitting legs. Despite the technical
difficulties, the philosophy of the ARES method remains unchanged. In particular, ARES
does not depend on the specific factorisation properties of an observable, and gives promise

to achieve a fully general solution to the problem of NNLL resummation in the near future.
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Chapter 5

The D-parameter at NNLL

accuracy

In the previous chapter 4 we extended the ARES method to include the resummation
of three-jet event shape variables in ete™ annihilation at NNLL accuracy. With the
extended ARES method we will examine the phenomenology of the D-parameter (defined
in Eq. (3.15)) in near-to-planar three-jet events.

Much like other event-shape distributions, the D-parameter can be used to measure
the strong coupling constant «g and to test models of non-perturbative physics e.g. had-

ronisation. For details see e.g. [70] and the references therein.

5.1 Observable setup

In order to study event shapes in the near-to-planar limit, we need a procedure to select
hadronic events with at least three jets. In our case, we use the Durham algorithm [33]
and we select three-jet events if the three-jet resolution variable ys(p1,...,pn) is greater

than y.u. Correspondingly, we have a total three-jet cross section given by

> doy, > doy,
= b, — ... = b, — . —
oH ;}/d nd(an<p17 7pn) ;}/d nd(pn@ (Z/S(ph 7pn) Z/cut) , (51)

with d®,, the n-particle phase space. We now consider the cumulative distribution of a

three-jet event shape V(p1,...,p,), defined as:

Y3 (v)

1 & doy,
=3 [ 52 1 5B = V1)
oH = do,

"= (5.2)

1 & do,
:Z/dq>n 9(y3(p17apn)_ycut) Q(U_V(pla’pn))
oH do,
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In near-to-planar kinematics, i.e. for v < 1, the cumulative distribution ¥ (v) assumes

the factorised form (see e.g. [3])

1 d
Su(e) = - [ 4B Sa) Hipr.pa.pa). (53)

where p1, pa, p3 are now the three Born momenta in Eq. (4.21), and dB their phase space.
When v < 1, the function X5(®p;v) develops large logarithms of v, which we want to

resum to all orders up to a given logarithmic accuracy.

5.2 NNLL resummation of the D-parameter in near-to-planar

three-jet events

We recall that the D-parameter is defined in terms of the determinant of the linearised
spherocity tensor Eq. (3.15). In the case of eTe™ annihilation we can write a slightly

simpler expression
DPiaDip

(5.4)

where the sum runs over all hadron momenta p; and @ is the centre-of-mass energy of eTe
anninilation. The spherocity tensor has three eigenvalues A1, Ag, A3 satisfying A1 +Ao+A3 =

Tr© = 1. Using these eigenvalues we construct the C-parameter
C = 3()\1)\2 + MA3 + )\2)\3) , (5.5)

and the D-parameter

D =27det® = 27)\1)\2)\3 . (56)
For an isotropic event all eigenvalues are equal to 1/3, and hence both the C- and the
D-parameter are equal to 1.
The D-parameter can be recast in the form [71]

[pi - (B x 7))
Z E E B (5.7)
’L<]<k‘

The above form is very useful to obtain analytic expressions for the D-parameter in the
soft and collinear regions, as neeeded for the resummation of large logarithms with the
ARES method. In particular, in the presence of multiple soft emissions k1, ..., k,, Eq. (5.7)

can be approximated as follows:
3
_ 27 k3,
D({p}, k.- k) = & Y EEjsin®0; : (5.8)

— Wy
j<k=2 7 ¢
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where k; = (w;, E), and k;; is the component of lzl in the direction of p; x pj, i.e. out of the
event-plane determined by the three Born momenta p1, p2, p3. Note that, in the presence
of soft emissions, the final-state hard momenta pi,po,p3 can be approximated by their

Born counterparts pi, p2, p3. Using the fact that, for three particles (see e.g. [71])
3 3
C =3\ = > > EiE;sin’ 0, (5.9)
j<k=2
we obtain the final expression for the D-parameter in the presence of soft emissions:

- k-
D{p}, ki,... kp) ~ 27A1AQZ i

2

. 5.10
Qu; ( )
NLL resummation. To compute the NLL resummation of the D-parameter we consider
its behaviour after a single soft emission, collinear to leg ¢. Using Eq. (5.10) and the

Sudakov parameterisation in Eq. (4.25) we obtain

0
D({p}, k) ~ 54A1A2ké2e—77“) sin? ¢ . (5.11)

Comparing the above expression with Eq. (4.30) we get:
a=1, b9 =1, dy=54\)Ny, g(¢) =sin?¢, £=1,2,3. (5.12)

From this we can determine

flos(dsge) = log (5.13)

Furthermore, since for soft and collinear emissions the D-parameter is additive, we recall
the NLL accurate multiple emission function is given by Eq. (4.155), which we reproduce

here
e VE Ri\ILL (A)

(1+ Rypp (V)

FNiL(A) = ¢ (5.14)

NNLL resummation. In order to use our prescription for the NNLL radiator, we first
compute dEij ) for each dipole by combining Eq. (5.12) with Eq. (4.32). Once we have dgij ),

we can compute the soft NNLL radiator using Eq. (4.85). This gives

2
A7 = 54729 <2QE£) (QQJ> . (5.15)

In particular

d 2
(log?(dyge)) = log® % : (5.16)

¢
1 +
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The hard-collinear coefficients C}(li?e can be computed by replacing (log(dyge)) in eqs. (4.74)
and (4.75) with the appropriate expression in Eq. (4.76).

We now consider the various real-emission NNLL corrections. The functions dFg,
0Fs and 0Fy are the ones for additive observables, as there is no specific observable
dependent input needed. Their expressions can be found in Egs. (4.164), (4.166) and
(4.186) respectively.

To compute the function dF;e. we need to obtain the expression for the D-parameter
after a single hard splitting of leg £. This produces an emission k with a fraction 29 of
the energy FE, of the parent momentum p,, and a final-state momentum p carrying the
remaining energy fraction 1— 2. Both particles carry equal and opposite out of plane
momenta, p, = —k,. From Eq. (5.7), labelling the remaining two hard partons with the

indexes £1, o # £, we have

k2 k2 k2
Dllek.#) = Q3 B By sin” Ot (N)Eg " (1—z(€))E€) =N R
(5.17)
If we add an arbitrary number of soft and collinear emissions k1, ..., k,, their transverse

momenta are much smaller than that of the hard collinear emission, which is the only
one that effectively recoils agains hard parton p,. Therefore, k; is the out-of-event-plane

component of the transverse momentum with respect to the emitter py,. This gives

k‘2
Duc({pY, ko1, . Ky) = Q% D20 6O + Do ({p}, k1 - -, k) (5.18)
with
© MMM Q L,
fie (2,0) = 722(1 —F, sin” ¢ . (5.19)

This means that the D-parameter is additive also in the presence of an extra hard and

collinear emission. For z — 0 we have

54N A Q.
————— Sln

=t
st 0= f0(2,0). (520)

D (2, ¢) ~

Using egs. (5.19) and (5.20), as well as the additivity of the D-parameter, we can compute
0Frec using Eq. (4.151) as follows:

3

2 d¢
avg. 5 _
OFEE (N) = FNoL(A Z; 56 /0 - dng( )log(1l — 2) 1

L e 5 2) e (£-3) )
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Using Eq. (5.19) we can also compute §Fan™ from Eq. (4.185), as follows:

. Qs (\/5 Q) 1
6F e (A) = =FNLL(A) Sp(®B) ———~7" <2!CA - TRnF) X

2a5(Q)
1 2w d¢
X / dz4z(1 - z)/ — (2cos? ¢ — 1) log (sin® ¢) (5.22)
0 0o 2m
F Aas(\@@ “4_ Tonp ) Sp(e
= FNLL( )W <2 - PﬂF> p(®5),
where Sp(®g) for eTe™ — qqg events is
+ay—1
Sp(®p) = Splar, w9) = 222~ (5.23)
Ty + x5

where the details of the x; and x9 variables are explained in Appendix. C.5.

The next NNLL correction we need to compute is 6Fy,. According to Eq. (5.10), for
soft emissions the D-parameter is additive, so we can make use of the general expression
in Eq. (4.175). In order to do this, we need to recast the expression of the D-parameter
with a single soft wide-angle emission in the form of Eq. (4.167). Using the Sudakov

decomposition in Eq. (4.22), we obtain

. in(6;;/2 ij 1 E;
V(\g)(n, @) =2TA1 )\ sin? ¢ sm( i/?) , 77(() = —log —.
cosh (77 + 77(()@])) + cos(6;5/2) cos ¢ 2 T E
(5.24)
From the above expression, taking the limit || — oo, we obtain
(i5) i [y i) .
[ (n, ¢) = 54A1 A2 sin —- {e o) Q9 (n) 4 1Mo @(—77)} sin” ¢ . (5.25)
Inserting the above expressions in Eq. (4.175) we obtain
_ Cag(DQ) [*Tdg [
iFun) = () 3 02 / O] anx
(i) 0 >
% (log [Qe—(nJr??é 7 (cosh <n + 77(()])) + cos 7] cos ¢>] ©(n)
(i5) 07 0;;
+ log [26"“70] (cosh(n + 776”) + cos 7j cos ¢>} @(—77)) (5.26)
as(DQ)
= A A Cij X
NLL( )% I 0n(Q)

X <(77(()ij))2 + 2/ dn log [6_" (coshﬁ + \/cosh2 n — cos? 9;)]) )
0

the final term must be evaluated numerically, and it depends on the configuration of the
Born event through the term 0;;.
The last contribution we need to compute is § Feorrel- Since the D-parameter is additive,

we can again use the general formula for additive observables in Eq. (4.181). In order to
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do this we need to recast the D-parameter with two soft and collinear emissions in the

form of Eq. (4.176). This gives

osin?(¢ + o)

14
it 2,0,6) =1+ =0 (5:27)

the same for all three legs. This gives

1
)‘RNNLL

OFcorrel(A) = =FninNgz 03

(CA<10g fcorrel>C’A + 2TR”F<lOg fcorrel>np) 5 (528)

where

1 2m d¢(£) o0 d,u2 1 2T do
1 = —(2 1 ®
( 0og fcorre1>C’A 21 0 o /0 N2(1 + N2) /0 dz/() 271'( S+ Hg) 0g fcorrel(:u'a z,¢,¢ ) )

1 2 4O oo du2 1 27 q
<10g fcorrel>np ¢ /0 MZ(]_'[_L'_ N2) /0 dz /O %Hq lOg fcorrel(l% Z, (ba ¢(£)) y

- 5 0 27T
(5.29)
We evaluate these expressions numerically and find,
(log feorrel)c, = 1.8139, (log feorrel)ny = 1.1562. (5.30)

With these corrections we and the Sudakov radiator we have all of the ingredients

necessary to perform the resummation of the D-parameter.

5.3 Phenomenology

In order to provide a suitable cumulative distribution that paves the way for phenomeno-
logical studies, one has to match the resummation to fixed order. Matching is required to
provide results across all values of the observable. The basic idea is to combine the results
of both the resummation and fixed order, while making sure to get rid of contributions
that are double counted. There are two generic conditions that the matching procedure
must satisfy. First, based on physical grounds the matched total cross section should go
to zero as v — 0. Second, the matched distribution, or likewise the total cross section,
must reproduce the fixed order at the kinematic endpoint v — vpax.

The two most popular matching schemes for e*e™ annihilation are the R and log-R
schemes [44, 46]. In other contexts, multiplicative matching schemes are used [72, 73]. Ad-
opting one over the other is a choice that depends on the problem at hand. In our case, we
could not achieve a stable matched distribution using the R and log- R schemes, given that
the available data sets for the D-parameter forces us to use low values of y¢ut. The prob-
lem with both schemes is that, given that the various components of the resummed cross

section contain powers of log 9.y, the resummation does not switch off quickly enough
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and ends up substantially contributing to the tail of the matched distribution. This situ-
ation might be expected given that the K-factor NLO/LO is very large, approximately
100%. This is similar to the case of resumming the distribution in the Higgs transverse
momentum p; i where the K-factor is also known to be large [74]. Therefore, we supple-
ment our matching scheme with a factor that effectively damps the resummation at large
values of D.

Based on the above discussion, we use the multiplicative matching scheme designed in
ref. [74]. The goal of that scheme is precisely to suppress the large terms, present in the
resummation, which emerge outside the resummation region. This enables us to control
the tail of the distribution and achieve a stable matching. In this scheme, matching is
performed on the level of the total cross section. Given that NLOJet++ simulates the
inclusive cross section, i.e. integrated over Born kinematics with the three-jet selection
cut, we have to match on the same level. Explicitly, we have
Z%O'(v)

(557 w)”

Z = <1 - <;>u> ' O v — vp), (5.32)

is a damping factor that controls how quickly the logarithms are shut down outside the

s)at () = ($Bes (1)) 7 , (5.31)

where

resummation region. In eq. (5.31), Z%es' is the resummed cross section, EE{O' is the cor-
responding fixed-order quantity and ZZXP " denotes the expansion of the resummation to
NLO. The details of the matching can be found in appendix C.6 and the expanded version
of eq. (5.31) is given in full in eq. (C.64). We carry out the matching using the values
u=1,h=3and vgp=1/2.

As is customary in resummed calculations, we need to probe the size of sub-leading
logarithmic terms. This is done using two simultaneous variations. The first introduces a

rescaling xy as follows
1
log — zlogx—v —logzy, zv=X- Xy . (5.33)
v v

In the above, X is a variable choice to define the resummation scale, i.e. the logarithms
being practically resummed, while Xy, controls the scale variation. We expand the total
cross section around log(zy /v) neglecting sub-leading terms. Furthermore, the resummed
logarithm, log(zy /v), must be modified in order to impose that the total cross section is

reproduced at the kinematic endpoint vyax [73]

= 1 p p
long—>Lzlog<(xV) —<xv> +1> , (5.34)
v p v Umax




99

where p denotes a positive number that controls how quickly the logarithms are switched off
close to the endpoint. The parameter p is free, but is only constrained by the behaviour
of the fixed order distribution near the endpoint [73]. In our case, we set p = 1, as is
customary in event-shape studies.

Another estimate for the uncertainty in our matched distribution comes from varying
the renormalisation scale, pugr, around a central scale that we take to be the centre-of-
mass energy of the hard scattering, (). For LEP-1 energies, ) = Mz corresponding to
as(Mz) = 0.118 while for FCC-ee energies, Q = 500 GeV corresponding to as(500 GeV) =
0.094.

We implement two different choices for X in eq. (5.33). The first is referred to as the
Xeconst scheme which corresponds to setting X = 1 in eq. (5.33), while the second is the

Xprod scheme which corresponds to setting

3 2Tk
T20pt+ 0, BT 2

X (5.35)

which is a function of the Born kinematics. Finally, we construct the uncertainty bands
by varying pur by a factor of two in either direction and Xy by a factor of three-halves in
either direction.

In figs. 5.1 and 5.2 we plot the matched distribution for Q = Mz using the two
resummation schemes and for two different values of ycut, namely yeut = 0.1 and yeyr =

0.05. We immediately notice the following features:

e The uncertainty bands are not drastically reduced when increasing the logarithmic
accuracy of the resummation, at least when compared to the typical situation with

two-jet observables.
e The position of the peak is stable under varying ycut.

e For NLL, the uncertainty bands remain almost unchanged with decreasing ycut. In

contrast, the uncertainty bands for NNLL are noticeably enhanced as we increase

Yeut-

The fact that the uncertainty does not reduce significantly from NLL to NNLL might be
due to the fact that not all possible sources of theoretical uncertainties have been explored.
In fact, varying the renormalisation scale probes the typical scale of hard QCD radiation,
whereas the sensitivity to soft and collinear physics is probed by varying the parameter Xy .
By doing so, we vary the typical scales of soft radiation (~ Qut/ @) and collinear radiation

(~ Qu'/ (“H")) in a correlated way. One way to decorrelate the two regions might be that
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of introducing a “jet scale” (); that probes variation of the collinear scale only, as done
in SCET, see e.g. [75]. Since in our formalism all the scales introduced have a definite
physical meaning, the only place where we can introduce a new scale is in eq. (4.60). There
we can split virtual corrections at the scale Q yv'/(@tb0)  As a consequence, Ry has to be
evaluated at v(Q7/Q)**%, and this change is compensated, up to sub-leading corrections,
by the following change in the coefficients Ch (1) in Eqgs. (4.74) and (4.75):

Ciey = Crep+ 7" log <Q§> . (5.36)

; ; Q2

An equivalent procedure up to N3LL corrections is to vary the quantity Xy introduced in
eq. (5.33) in the hard collinear radiator only by a factor (Q;/Q)%. Note that, for the
D-parameter, since a + by = 2, changing @)y by a factor of two around ) means changing
Xy by a factor of four around Xy = 1. This is way beyond the range of Xy that is
customary explored in event-shape studies, that involves variation at most by a factor of
two (see e.g. [4]). As a check, we have indeed varied Xy for the hard-collinear radiator
only, in the range 1/4 < Xy < 4. Although we have observed that the corresponding
uncertainty band increases, reaching deviations up to 40% from the central value in the
peak region, the size of the band does not decrease in moving from NLL to NNLL. This
issue definitely calls for further studies. However, we believe that choosing an appropriate
range for the variation of () requires at least a comprehensive re-analysis of two-jet event
shapes, as well as another three-jet event-shape for comparison. Therefore, we leave this
investigation to future work.

We believe that the issues we have with theory uncertainties can partly be traced to
the fact that jet selection generates terms that go as log? yeut, for each power of ay relative
to the Born cross section. The largest transverse momentum of soft-collinear emissions,
at fixed value of D), is of the order of v/DQ. Our resummation is strictly defined when
the largest momentum is much smaller than the largest transverse momentum available,
the latter being of the order of |/ycut@Q. Essentially, our resummation is formally correct,
as D < 1, but phenomenologically viable only in the limit D < y.¢ < 1. Inspection
of figs. 5.1 and 5.2 shows that the most probable value of D, which corresponds to the
position of the peak of differential distributions, is of the same order as y.yt and that is
why we see the features described above. This is also reflected in the sensitivity of the
uncertainty bands of the NNLL distribution to the variation of y¢yt in comparison to NLL.
Simply, the NNLL pieces in the cross section, e.g. §Fs, contain extra powers of 10g ycut
compared to NLL. These logarithms are large, for y.ys = 0.05 — 0.1, and thus we observe

this behaviour of the uncertainty bands.
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The situation becomes better at FCC-ee energies, as we see clearly in figs. 5.3 and
5.4. Noticeably the position of the peak tends towards smaller values of D, and we
start approaching the strict resummation regime D < yeut < 1. Simultaneously we see
a reduction in the uncertainty by almost 50%. To conclude, for this observable, and
depending on the value of y.ut, we expect large sub-leading corrections that are not under
control in any resummation formalism. This calls for a joint resummation of both types of
logarithms, the observable and ¥4, along the line of the presented resummation of both
pe,u and the transverse momentum of the leading jet [76].

Leaving these caveats aside, we note that NNLL corrections generically yield harder
D-parameter distributions. The effect is larger using the X,;,q scheme, because the re-
summed logarithms in the latter scheme are typically larger than the X.qnst scheme. In-
deed, this is one of the reasons why the NNLL uncertainty bands get larger when we use
the Xproq scheme, while their counterparts at NLL remain virtually the same. Note that
in the X},;0q scheme the resummation scale is effectively of the order \/ycut@ which is the
appropriate upper bound for transverse momenta. Therefore, this scheme automatically

captures some of the terms which are enhanced by logarithms of yeyt.
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Figure 5.1: The matched distribution for y.,t = 0.1 and Q = Myz. The left plot using the

Xconst scheme and the right using the X4 scheme.

Last, we compare our predictions to existing LEP-1 data [77-79]. In order to do so, we

need to supplement our perturbative resummation with some estimate of non-perturbative
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Figure 5.4: The matched distribution for y.ut = 0.05 and @ = 500GeV. The left plot

using the Xconst scheme and the right using the X4 scheme.

hadronisation corrections. Before we do this, we need to choose whether to use Xconst Or
Xprod as our default choice for the resummation scale. We have observed that NNLL
distributions obtained with X;,q are not very stable with respect to the choice of the
matching parameter vy, which points to the fact that such a choice brings in numerically
large sub-leading corrections, which we cannot control within our framework. Therefore,
we decide to present non-perturbative plots using Xconst as our resummation scale, and
vo = 1/2. We have checked that using other values of vy does not change considerably
our findings. We include hadronisation corrections in the dispersive approach of ref. [80],
where leading hadronisation corrections result in a shift of the corresponding perturbative
distributions. In our case, we use the non-perturbative shift computed in ref. [81], and

define

1 do
27N-[P(D) = m{/d(b?)dq)zzs ({p17p27p3}7D - ZNP 0D ({p17p27p3})) %(p17p27p3)7
(5.37)

where

a
dD({p1,p2,p3}) = %2”1)\2 > Clij) 9is (0i5) - (5.38)
(i7)

In the above equation, the geometry dependent functions g;; are those of ref. [81], which
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we rewrite using our own notation and conventions as follows:

0;; (2" do [ sin? ¢
i5(0:5) = sin —~ — d : 5.39
9ij (6:3) = sin 2 Jo 27 )_o ncoshn+cos(9,~j/2) cos ¢ (5:39)
The non-perturbative parameter axp is given by
a —@M ao(pr) — as(Q) — 2680a2(Q) | 1o Q+K(1)+1 (5.40)
NP = "3 o\pr1 s 0Cs g,uf 473 ’ .
where
K1 qk
ao(pr) :/ —as(k), (5.41)
0o HMI

and «as(k) is the dispersive coupling defined in ref. [80], and M ~ 1.49 is the Milan
factor [82-85] corresponding to three light flavours, as appropriate for non-perturbative
corrections in the dispersive model [82, 83]. As in previous non-perturbative studies, we

set ur = 2GeV. In eq. (5.37), we have also introduced the factor

D q
Zanp = 1— (Dmm{) , (5.42)

that ensures that the shift vanishes at the endpoint of the distribution. Also, to ensure

that the distribution vanishes at its endpoint, we replace L defined in eq. (5.34) with

~ o 1 D P rp P

Specifically, we have set ¢ = 2 and p = 1. Last, in order to produce matched non-

perturbative distributions, we compute 6 Dy defined by
Yy (D — Dy) = 257 (D), (5.44)

and define our matched non-perturbative distribution as Z‘%at'(D — dDy). In Fig. 5.5 we
produce plots for non-perturbative matched distributions, with central scales, correspond-
ing to NLL and NNLL accuracy. The non-perturbative shift corresponds to a value of
ap(2 GeV) that is inside the range favoured by existing fits to event-shape data [86]. We
see that, for this value of g, namely ag = 0.5, the NNLL resummation has a shape that
resembles the data more closely than NLL resummation. This trend persists irrespective
of the value of y.ut. Note that this value of ag is similar to the central value of a fit ob-
tained with the NNLL thrust distribution [87]. We also observe that increasing the value
of vy up to Dpax does not change the distributions close to the peak, but gives a better
agreement with the data in the tails.

Despite the fact that our choice of the NP parameter g provides a good description

of the D-parameter distributions for intermediate values of D, the peak region is not
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Figure 5.5: The matched distribution, including the non-perturbative corrections, is com-

pared to data from LEP-1 for the two values of y.,+ we adopt in this article.

well described. However, this is hardly surprising, given that including hadronisation
corrections as a shift is strictly valid only for 6D < D, i.e to the right of the peak of
the D-parameter distributions. Due to an extra radiating gluon, the shift for three-jet
event shapes is roughly twice as big as that for two-jet event shapes. Therefore, at LEP
energies, we expect that a shift alone is not enough to accurately describe the peak of
three-jet event-shape distributions, as was generally the case for two-jet event shapes [86].
To obtain a good description of the peak, one needs to upgrade the shift to a shape

function, as done for instance in refs. [88-91].

5.4 Conclusions

We have applied the ARES method for three-jet events, derived in chapter 4, to the
D-parameter to NNLL accuracy. Since this is an additive observable, we are able to
compute most of the NNLL functions analytically, with only a couple of integrals that
must be computed numerically. We have performed phenomenological studies by match-
ing our resummation to exact fixed-order and presenting predictions for LEP-1 and future
colliders. We have seen that using the LEP-1 cuts to select three-jet events gives rise to
large sub-leading effects at LEP-1 energies, the situation is somewhat improved at FCC-ee.
Nevertheless, we envisage that, to improve phenomenological studies of the D-parameter,
one should attempt a joint resummation of logarithms of the D-parameter and of the
variable determining the three-jet selection. A similar procedure to that used for the case

of angularities, or for the transverse momentum of a colour singlet and an accompanying
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leading jet.

A comparison with LEP-1 data requires the inclusion of non-perturbative hadronisa-
tion corrections. We have added the leading hadronisation corrections evaluated in the
dispersive model to our NNLL resummation. In general, the NNLL distribution has a
shape that is similar to data. And, for values of the D-parameter larger than those at
the peak of distribution, hadronisation corrections are compatible with a shift of the per-
turbative distribution. We find that, in order to describe the data in the region following
the peak, we can set the non-perturbative parameter «g, that determining the size of the
shift, to a value that is comparable to the one obtained from fits of NLL event shape dis-
tributions. A very interesting piece of future work would be to perform a comprehensive

simultaneous fit of ay and ag using NNLL resummations for different event shapes.
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Chapter 6

BSM WW production with a jet

veto

In chapters 4 & 5 we extended the ARES method to observables with higher multiplicity. In
this chapter we apply the ARES method to the resummation of jet-veto effects at hadron
colliders. Jet-veto effects for colourless final states have already been resummed up to
NNLL accuracy within the ARES framework [92, 93]. These resummations were implemen-
ted in the code JetVHeto, for the production of Z and Higgs bosons at threshold. In this
chapter we take these resummations and re-implement them as a extension to the Monte
Carlo integrator MCFM. This implementation resums jet-veto for all colourless final states!
and is differential (exclusive) in the kinematics of the Born.

We examine the possibility of using the di-boson channels to constrain new physics
models, in particular the WW channel is challenging to model correctly due to presence
of a jet-veto on the final state. We use this new implementation of ARES inside MCFM to

make projections for constraining power of the WW channel relative to the ZZ channel.

6.1 Introduction

Di-boson production at the Large Hadron Collider constitutes a promising window into
physics beyond the SM. This is particularly true for di-boson pairs with high invariant
mass, which have been already probed by a number of recent experimental analyses [94—
104]. On the one hand, their production through gluon fusion receives contributions from
an off-shell Higgs boson [105-107]. In particular, the interference of the contribution of an

off-shell Higgs boson and di-boson continuum background makes it possible to access the

!Naturally we can only resum those processes that are implemented in MCFM.



108

Higgs width in a model-independent way [108]. On the other hand, contact interactions
arising from higher-dimensional effective field theory operators [109-113] could give rise
to spectacular effects in the tails of di-boson differential distributions, due to the fact
that some of their contribution increases with energy. Technically, in the SM, di-boson
production via gluon fusion is a loop-induced process. At low di-boson invariant masses,
top quarks in the loops behave as very heavy particles, thus giving rise to effective contact
interactions. At high invariant masses, the two bosons probe virtualities that are much
larger than the masses of the top quarks running in the loops, hence suppressing their
contribution and enhancing the effect of BSM contact interactions. Such a feature has
been already used to constrain the coefficient of a number of higher-dimensional operators,
see e.g. [114] for a recent study.

We restrict ourselves to considering the unique dimension-six operator coupling gluons
to the Higgs boson, given by [110]

Lo %GzyG“’“l’nggb, (6.1)
with G7,, the gluon field strength and ¢ the Higgs field. This operator can be used to
represent contributions to SM Higgs production from particles with mass of order A > mp.
This operator has previously been considered in high-invariant-mass ZZ production with a
fully leptonic final state in [115, 116]. However, the leptonic final state for W has larger
cross section and so WW could give complementary or better sensitivity than leptonic final
states for ZZ. However, in WW production, a tight jet veto is employed by experiments to
suppress the background from top-pair production. Such a veto “forbids” the radiation of
jets from the initial-state partons, with the effect of suppressing not only the background,
but also the operator-mediated signal. In the present case, the signal occurs through
gluon fusion, whereas WW production is mainly driven by quark-antiquark annihilation.
Since gluons radiate more than quarks, one expects the suppression due to a jet veto to
be stronger for the signal than for the background. It is therefore important to address
the general question of how BSM searches with WW production compare to ZZ in the
presence of a jet veto.?

We wish to quantify in a simple way how the significance of such a BSM signal is
affected by the presence of a jet veto. The same procedure can be applied to any BSM
scenario that modifies the production rate of a colour singlet, for instance dimension-

8 operators [125]. A similar study [126] investigates the impact of a jet veto in the

2In fact, a supposed discrepancy of the total WW cross section from SM predictions [117-119] could

be partly ascribed to mismodelling of jet-veto effects [120-124].
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determination of the Higgs width using interference. To be more specific, we veto all
jets that have a transverse momentum (with respect to the beam axis) above py veto. First
we observe that, at the level of the matrix element squared, a generic BSM signal mediated
by a single higher-dimensional operator consists of an interference piece and a quadratic
piece:

| Msn|* + 2Re( Mgy Mpsm) + [ Mpsul|. (6.2)

The last piece is of higher order 1/A%. Therefore, if the interference piece is not suppressed
or vanishing for some reason, then, to a first approximation, we can neglect it relative to
the 1/A? interference piece.®> The presence of a jet veto induces large logarithms of the
ratio of pt veto and the invariant mass of the WW pair My . Such logarithms arise at all
orders in QCD, and originate from vetoing soft-collinear parton emissions. Considering
just the leading logarithms, and neglecting the quadratic piece |Mpsy|?, the deviation of
a BSM signal that proceeds from gluon fusion from the SM prediction is approximately

given by

_ as 1pe2 MWW)
2CA ™ lOg (Pt,veto

Egg(Mww) X QRG(MgMMBSM) e (63)

where Cy = 3, ay is the strong coupling, and Lge(Mww) is the gluon-gluon luminosity
corresponding to a partonic centre-of-mass energy equal to My . The effect of the jet
veto is an exponential (Sudakov) suppression with respect to a naive Born-level estimate.
Note also that, for fixed py veto, such a suppression becomes more and more important, the
higher the invariant mass of the WW pair. This is precisely where the contribution of the
BSM operator in eq. (6.1) has the most impact on the signal. For the SM background,
dominated by quark-antiquark annihilation, we have instead a contribution proportional

to

_ as 1042 MWW)
26 QCF ™ 1Og (l"t,veto

Lag(Mww) x | Msm| (6.4)

with Cp = 4/3 and L,g(Mww) the quark-antiquark luminosity. The relative deviation
from the SM can be obtained by integrating egs. (6.3) and (6.4) over the appropriate
phase space. Note that, for a fixed value of My, the exponential encoding jet-veto
effects factorise completely. Therefore, the relative deviation from the SM in the presence

of the jet-veto is different from that obtained with a Born-level calculation by a factor

_ _Or) 2 op? MM)
e 2(CA CF) ™ log (Pt,veto

(6.5)

3Note that, if we consider more than one higher-dimensional operator, there are possibly other BSM
effects of order 1/A® or 1/A* in the interference piece in general, which might still compete with or dominate

over the quadratic piece.
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For ay = 0.1, Myyw = 1TeV, p;veto = 20 GeV, the above factor is about 0.2. Therefore,
despite the gain in the number of events one has in WW production with respect to ZZ,
the significance of the signal might be reduced due to jet-veto effects. This is why it is
crucial to have an estimate of jet-veto effects that is as accurate as possible.

The first question we address is what accuracy we can aim for in the description of a
BSM signal and a QCD background involving the production of a colour singlet. In the
absence of large jet-veto corrections, a generic BSM signal can be predicted at Born-level,
or leading order (LO), in QCD, whereas any QCD background is nowadays known at least
at next-to-leading order (NLO). In the presence of a jet veto, the production of a system of
invariant mass M is affected by logarithms of the ratio pt yeto/M, which make fixed-order
predictions unreliable. After the all-order resummation of log(ps veto/M ), the differential
cross-section do (ps.veto)/dM 2 with no jets with a transverse momentum above Dt veto Can

be written in the form?

d veto
(Piveto) _ 490 Lgi(0aL) (G1y(asL) + asGi(@eL) +...) , L = log

= . 6.6
dM?2 dM? Dt,veto ( )

with dog/dM? the corresponding LO cross section. The above expression is meaningful
for aglog(M/peveto) ~ 1 and misses terms that vanish as powers of pt veto/M (possibly
enhanced by logarithms). The leading logarithmic (LL) contributions exponentiate giving
rise to the function g;(asL), with as evaluated at a renormalisation scale of order M.
Next-to-leading logarithmic terms (NLL) factorise from LL ones, and are embedded in the
function G2(asL). Next-to-next-to-leading logarithmic (NNLL) contributions, resummed
by Gs(asL), are of relative order ais with respect to NLL ones, and similarly one can define
higher logarithmic accuracy. The knowledge of NLO corrections to a QCD background
process gives access to all ingredients to compute G, i.e. to achieve NNLL accuracy,
whereas the lack of knowledge of corrections of relative order «; to a generic BSM process
implies that the best accuracy one can aim at for such processes is NLL. Therefore, from
the point of view of the accuracy of the resummation, having LO makes it possible to
reach NLL accuracy, whereas NLO gives access to NNLL accuracy.

The most widely used method to estimate jet-veto effects are Monte Carlo event gener-
ators, which simulate the contribution of multiple soft-collinear QCD emissions. Although
very flexible, these tools cannot formally guarantee more than LL accuracy, and at the
moment require a considerable amount of tuning to reliably describe observables, like the

cross section with a jet-veto in eq. (6.6), sensitive to QCD radiation from the initial state

“The general expression in eq. (6.6) holds because the transverse momentum of the leading jet has the

property of recursive infrared and collinear (rIRC) safety [3].



111

(see e.g. [127] for a recent study). In order to have more accurate predictions, one needs

to consider analytical resummations.

Jet-veto effects in the production of a colour singlet have been computed at NNLL
accuracy in QCD [93] and in soft-collinear effective theory (SCET) [128, 129]. The cal-
culation of [93] is implemented for Higgs and Z-boson production, inclusive in all decay
products, in the program JetVHeto [130]. The calculation of [128] has been implemen-
ted in aMC@NLO for the production of a generic colour singlet, fully exclusive in its decay
products [122]. This implementation has been used to estimate jet-veto effects in WW
production [122] in the SM, and for hypothetical Z" and W’ bosons [131]. The specificity
of this SCET calculation is the presence of beam functions, that are precomputed and
replace traditional parton distribution functions. We discuss an alternative approach that
implements the QCD resummation of ref. [93], fully exclusive in the decay products of the
colour singlet, in a way that is not tied to a specific event generator (e.g. aMC@NLO), but
that requires minimal and simple modifications of the setup that is already available in any
NLO QCD program. The starting point is to observe that, in eq. (6.6), the factor multiply-
ing leading logarithms is in fact a new perturbative series, whose coeflicients are functions
of agsL. As stated previously, NLL corrections have the same structure as Born-level con-
tributions, while NNLL corrections closely resemble NLO contributions. Therefore, NLL
resummation could just be obtained by an event-by-event reweighting of a Born-level gen-
erator by keeping only the functions g1 and Gg in eq. (6.6). This is enough to estimate
jet-veto effects to the BSM production of a colour singlet. Including NNLL corrections,
needed for a precise estimate of the corresponding SM background, is also possible in a
general way. In fact, resummation effects originate from soft and/or collinear emissions in
such a way that NNLL corrections share the same phase space with Born-level contribu-
tions, but are of relative order ag. In all NLO calculations there is always a contribution
that lives in the same phase space as the Born, and is of relative order ay. This is the
subtraction term that cancels the infrared singularities of virtual corrections. Therefore,
to implement NNLL effects, we can just modify the appropriate subtraction term in the
NLO event generator. Having done this, all other NNLL effects factorise, and can be
accounted for by an event-by-event reweighting, so as to reproduce eq. (6.6). The whole
procedure requires generating Born-level events only, and hence is much faster than a full

NLO calculation.

In the following two sections we give a detailed description of this procedure for the

specific case of BSM effects induced by the operator in eq. (6.1). In section 6.2, we study
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the effect of such an operator on WW production with a jet veto. As discussed above,
this operator induces a modification of the cross section of WW production through gluon
fusion. We denote the (differential) cross section for gluon fusion, potentially including
an additional BSM contribution, with dog,. The main result of this section is a recipe
to compute cross sections for WW production with a jet veto at NLL accuracy, fully
exclusive in the decay products of the W bosons. In section 6.3 we compute the cross
section for the dominant contribution to the SM background, which is WW production
via quark-antiquark annihilation, again in the presence of a jet veto. We denote the
cross-section for this process with dogg, and compute exclusive cross sections in the decay
products of the W bosons, while resumming log(Mww /ps veto) at NNLL accuracy. The
main result of this section is a general recipe to modify a NLO event generator for the
production of any colour singlet so that it produces resummed cross-section with a jet veto
at NNLL accuracy. In section 6.4 we present some numerical results for a simplified model
derived from the Lagrangian in eq. (6.1), corresponding to a realistic experimental setup.
We compare our resummed predictions with parton-shower event generators, and assess
the size of effects, such as limited detector acceptances, hadronisation and the underlying
event, that are not included in our resummation. In section 6.5 we perform some basic
sensitivity studies to investigate the exclusion potential of the HL-LHC for the parameters

of the simplified model of section 6.4. Finally, section 6.6 presents our conclusions.

6.2 Gluon fusion (including BSM effects)

Let us first consider WW production via gluon fusion, possibly with a modification of
the amplitude induced by the BSM operator in eq. (6.1). For simplicity, we consider here
the decays WW — etvep 0, and WW — e Deputv,. As explained in the introduction,
if we impose that all jets have a transverse momentum below a threshold value pr yeto,
the distribution in M%VW, differential in the phase space of the leptons, is affected by the
presence of large logarithms log(Myww /Pt veto), that have to be resummed to all orders to
obtain sensible theoretical predictions. Specifically, we consider jets obtained by applying
the anti-k; algorithm [37] with a given radius R. At NLL accuracy, the best we can achieve
for gluon fusion, the aforementioned observable is given by [92, 93]

do—g;LL (pt,veto)
dq)leptonde{%VW

= Eé%)(L Mww) elor(asL)tgz(asl) (6.7)

where L = log(Mww /Pt veto), &s = as(Myw ), and explicit expressions for the functions

g1(asL) and ga(asL) can be found, for instance, in ref. [93]. In particular, they are the
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same for any colour singlet that is produced via gluon fusion (e.g. Higgs production).
Note that, at NLL accuracy, the resummed distribution in eq. (6.7) does not depend on
the radius R of the jets [92].
The phase space of the leptons is given by
P Ph, PE &P,
(2m)32E, (2m)32E,, (27)32E,, (27)32E,,

(277)45 (pe + P+ Pve TPy, —P1— p2) )
(6.8)

dq)leptons =

with p, = (Ey, pr) is the four-momentum of lepton ¢ = e, i, ve, vy, and p; = x;P;,1 = 1,2
are the momenta of the incoming partons, carrying each a fraction x; of the incoming
proton momentum F;.

(0)

Last, we have a process dependent “luminosity” factor Lgg, given by®

£ Mww) = [ daides |MED + M SCerras — M) <
X fg(xlapt,veto) fg(x%pt,veto) . (6-9)

The two main ingredients entering ,ng) are:

e the SM amplitude Ms(lgwg) for the production of a WW pair (and its decay products)
through gluon fusion, which can be supplemented with an additional contribution

M]g%gl\)/[ accounting for BSM effects;

o the gluon density in the proton f,(z,ur) at the factorisation scale prp = Dt veto-
This value of upr reflects the fact that the factorisation scale is the highest scale
up to which the considered observable is inclusive with respect to multiple collinear
emissions from the initial-state partons. Since all collinear emissions with a trans-
verse momentum above p; veto are vetoed, the factorisation scale has to be pt veto (see

e.g. [3] for a formal derivation).

By comparing eq. (6.7) to eq. (6.6), G2(asL) resumming all NLL contributions:

Ga(asL) =
£59(0, Myrw)

eg2(@sl) (6.10)

So far, with the exception of ref. [122], such resummations have been obtained by

devising process-dependent codes that produce numerical results for ,C(gg) (L, Myw). For

5Note that, since jet-veto measurements do not keep track of any correlation between the angle of the
jet and the outgoing leptons, the logarithmically enhanced contributions due to the helicity of incoming

gluons described in [132] are not present in our case, so eq. (6.9) is valid as is.
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instance, the program JetVHeto [130] returns NNLL resummations integrated over the
full phase space of the decay products of a Higgs or a Z boson. However, the luminosity
in eq. (6.9) can be obtained by running any Born-level event generator. In fact, any
such program will compute a Born-level cross-section in WW production via gluon fusion
(possibly with BSM contributions) starting from the formula:

daég)
d(pleptonde{%[/W

= /dxldxg \Ms(lgv[g) + M](B%QI\)AF §(x1x98 — M) x
% fol@r, ur) fo(x2, nr) = L3)(0, Myw), (6.11)

where pp here is the default factorisation scale in the considered Born-level generator.
Therefore, to obtain the differential distribution in eq. (6.7), it is enough to set that
factorisation scale i to pgveto, and multiply the weight of each phase-space point by
exp[Lg1(asL) + ga(asL)]. Note that, if the programs returns event files with information
on My w for each event, or if one produces histograms binned in My, the reweighting

can be performed without any need to touch the Born-level generator code.

6.3 Quark-antiquark annihilation (SM only)

Since SM background processes are typically known at least to NLO, in the presence of a
jet veto, the SM cross-section for WW production can be computed at NNLL accuracy.
The corresponding NNLIL resummed expression is given by

dUé\IjNLL (pt,veto)
dq)leptonde‘%VW

_ (cg(;)(L,MWW) + zgg(L,MWW)) X

% (1 + Fetust (R) + Feorrel (R)) X eLgl(CVsL)-Hiz(OésL)‘*'%gs(OésL)7 (6.12)

where again L = log(Mww /Pt,veto), s = os(Mww), and d®iepons is the lepton phase
space defined in eq. (6.8). The functions g1,g2 and g3 are reported in [93], and are the
same as for Drell-Yan production. The dependence on the jet radius R appears for the first
time at NNLL accuracy in the functions Fejyust(R), Feorrel(R), whose explicit expressions
can be found in [92].

At NNLL accuracy we have two process-dependent “luminosities” [,,(1%) and [,((;i). The
(0) (0)
q 99

luminosity L,; is the analogue of Lg4 of eq. (6.9), this time for a ¢q initiated process:

q
L (L Myw) = > / daydaa| MV 25(21208 — M) fi(1, Prveto) fi(22: Prveto) -
i,J
(6.13)
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The only difference with respect to Eé%) is the LO SM amplitude Mi(j@, which is different
from zero only if 4, j is a quark-antiquark pair with the same flavour.

At NNLL accuracy we need to add the luminosity qu), which is of relative order g
(0)

with respect to £,7, and is given by

qq >’
LEL, Myw) = / deydaa| MU |26 (212025 — M) x (6.14)
i
X [fi(xlapt,veto) [ (22, Dt veto) Wﬂ(l)—F
pt veto) Z </1 7Czk (2) fx (%,pt,veto) [i (@2, Dy veto) + {(21,7) (3327‘7)})} :
1

k
(6.15)

Here new ingredients appear:

e one-loop virtual corrections to WW production. They are included in the term HD,

the coefficient of as( My w);

« coefficient constants arising from real collinear radiation. They are included in the
terms CZ%)(Z), whose explicit expressions can be found in ref. [93], and are the same
as for Drell-Yan production. They multiply o (ps veto), which reflects the fact that

the characteristic scale of collinear radiation in jet-veto cross sections is ps veto-

With reference to eq. (6.6), the function G2 resumming NLL contributions is

L(L, Myw)

GQ (OzSL)
5(0) (0, Myww)

eg2(0sl) (6.16)

whereas the function G resumming NNLL contributions is

692(a5L) (1)

Gs(asl) = Lyg (L, Mww)
(0)

O‘sﬁqq (Oa MWW)

Qs
+£((1%) (L7 MWW) (fclust(R) + fcorrel(R) + ?93(CM3L)):| . (617)

As explained in the previous section, the function E(Q) can be obtained from an ap-

(1)

propriate Born-level program. The function L7 instead represents a correction to E(—) of
relative order a;, that cannot be obtained from a LO calculation. A viable possibility to
perform NNLL resummation would be to modify eq. (6.9) so that it includes the convo-
lutions over the variable z in eq. (6.14), and implement the modification in a Born-level

generator. This is the approach taken in ref. [122], and in some way underlying the current

implementation of the JetVHeto program [130]. Here we want to present an alternative
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procedure. First, let us consider how the NLO WW cross section is calculated in a NLO

event generator:

da(lquO (pt,veto) _ daég) + dat(1<1j?v+ct + do}(;(lj?r ( 6.1 8)
dq)leptonde%/W dq)leptonde‘%VW dq)leptondeIgVW dq)leptonde[%VW . .

The first term in the sum is the LO SM cross section daég) / d@leptonSdMng = L’((qu) (0, Myww).

The last term, daé% / d@leptonSdM%,W, represents NLO corrections coming from the emis-
sion of an extra parton. They include the counterterms needed to ensure their finiteness
in four space-time dimensions. The second term, daézv Lt /d(bleptonSdM%/W? gives NLO
corrections arising from the sum of virtual corrections, and the counterterms integrated

over the full extra-parton phase space. This contribution lives in the same phase-space as

the Born contribution, and is of relative order «y. It has the form

da(l’)v c as(MR) q ~
d¢lept::;d§\4t{%/w - 2w Z'Zj/dxldxﬂMi(qu)Fé(xleS - MI%VW) |:fi(‘7:17 /‘F) fj(l‘Z, /‘F) H(1)+
Tdz - T . .
> (/ 701-(;)(2)&(?1,#1?) fi(@e, pr) +{(21,7) < (@J)]’)} :
k z1

(6.19)

In the above equation, pug, ur are the renormalisation and factorisation scales used by
the NLO generator, HD represents virtual corrections to qg — WW, and C’f,i)(z) the
integrated counterterms. The explicit expressions of HD and C’Z(;)(z) depend on their
actual implementation in the NLO generator, in particular on the employed subtraction
scheme. However, the form of eq. (6.19) is the same as that of the NNLL luminosity
E%)(L, Mww) in eq. (6.14). Therefore, by comparing eqgs. (6.14) and (6.19), we find
that [,(%)(L,MWW) can be implemented in a NLO event generator by performing the
replacements
as(kr) 1) Oés(MWW)fH(l)7
2m 27 (6.20)

as(#R) ~(1) as(pt,veto) (1)
5 Cl(z) — — o C.'(2),

and by evaluating the parton distribution functions at the factorisation scale pr = py veto-
Finally, in order to obtain the resummed distribution in eq. (6.12), we need to reweight

each phase space point by
(1 4 Forust (R) + Feorrel(R)) el9t(@sl)o2(as L)+ gs(as L) (6.21)

This rescaling can also be performed when constructing histograms, as long as one has

access to Myyw for each bin, or for each event in an event record.
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We have implemented this procedure in the code MCFM-RE [133], a suitable modification
of the NLO program MCFM [134]. The actual implementation is richer than what has
been discussed so far, because it allows a user to change the default renormalisation and
factorisation scales, and contains additional features. Since these details are not relevant
for a general discussion, we have omitted them here. The interested reader is referred
to appendix D.1 for the actual formulae we implement, and to appendix D.2 for a short
manual of the code.

In the following two sections, we use this implementation to produce numerical results

and sensitivity studies for an explicit BSM model.

6.4 Numerical results

Let us discuss first our results for WW production via ¢¢ annihilation. We consider W
pairs produced at the LHC with /s = 13TeV, specifically WTW~ — etv.u v, and
WHTW~ — utv,e v, and select the final state according to a simplified version of the
experimental cuts of ref. [96], reported in table 6.1. Jets are reconstructed according to

the anti-k; algorithm [37] with a jet radius R = 0.4. In table 6.1 we encounter the newly

Fiducial selection requirement Cut value
P4 > 25GeV
|yl <25
Mey, > 10 GeV

Number of jets with pr > 30 GeV 0
Bt R > 15GeV
By > 20 GeV

Table 6.1: Definition of the WW — ey fiducial phase space, where pgﬂ, 1y are the transverse
momentum and rapidity of either an electron or a muon, M., is the invariant mass of the

electron-muon pair, F is the missing transverse energy, and H p,; is defined in eq. (6.22).

introduced observable H g, which is defined as follows [135]:

By sinAg, if Ag <
ET,Rel = (6.22)
B, if Ap >

with A¢ = min (|¢e — dmET|, |Pp — dMET|), and ¢, ¢, and ¢mer the azimuthal angle of

the electron, the muon and the missing transverse energy respectively.

ol

I3
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In our analysis, we omit b quark-initiated contributions to pp — WW. At LO, the
bb scattering subprocess contributes only 1% to the cross section. The gb and gb subpro-
cesses, which enter at NLO QCD increase the NLO cross section by a factor 1.5. This
large increase is due to graphs like gb — W~ (¢t — W*b). Such graphs feature a resonant
top quark propagator, which effects an enhancement of O(m;/T;) = O(10?), which com-
pensates the O(1%) suppression due to the b PDF, and altogether an O(1) contribution
is obtained. This contribution is commonly attributed to Wt production and decay (at
LO QCD) [136], and hence has to be omitted in the NLO QCD corrections to WW pro-
duction, which we consider here. We note that this treatment is somewhat ad-hoc, the
most consistent way to perform this calculation would be to use the four-flavour scheme,
where there are only four massless flavours of quark. In such a scheme the resonant top
diagrams are explicitly absent at this order in perturbation theory. However MCFM makes

use of the five-flavour scheme for di-boson production leading to the above prescription.

We now produce both NLO, NNLL resummed, and matched NLO+NNLL (with the
matching procedure explained in appendix D.1.3) predictions for the differential distri-
bution do/dMypw using PDF4LHC15 parton distribution functions (PDFs) at NLO [137],
accessed through LHAPDF6 [138], corresponding to as(Mz) = 0.118, and we set both
renormalisation and factorisation scales at My /2, as customary in Higgs precision stud-
ies [139]. We note that the observable do/d My is of theoretical interest only, because we
do not have access to the momenta of the neutrinos. We will consider related observables
that are experimentally accessible after our discussion of My y . Fig. 6.1 shows the differ-
ential cross section in the invariant mass My of the WW pair. We first note that both
NLO and NNLL+4+NLO are both smaller than the LO, as expected due to the presence of
a jet veto, with the suppression with respect to LO increasing with Myyy,. This implies
that, in this situation, a naive Born-level calculation fails to capture this effect and that,
in the absence of a resummation, one should use at least a NLO prediction. NNLL+NLO
gives a mild extra suppression with respect to NLO, revealing that logarithms are not par-
ticularly large in the considered kinematical region. However, we note that the difference
between pure NNLL resummed and matched NNLL+NLO (the so-called “remainder”),
which contains the part of the NLO which is not enhanced by logarithms, is basically
negligible. This means that the resummation alone is very close to the best prediction we
have at this order. This is remarkable in view of the fact that to obtain NNLL predictions
we need to perform a calculation with Born-level kinematics. On the contrary, the com-

putational cost of the NLO calculation is larger due to the presence of an extra emission,
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Figure 6.1: The differential distribution do/dMyw in the Standard Model, computed at

different accuracies, and for the cuts described in the main text.
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without any significant gain in accuracy compared to the NNLL prediction.
To complete our discussion of the ggq channel, we compare our predictions to those
obtained from SCET via the program aMC@NLO-SCET of ref. [122]. The comparison is

shown in Fig. 6.2. Our results contains theoretical uncertainties evaluated both with the

SM (qg - WW)
10 T T T T T T T 3
NNLL+NLO (JVE) 1 1
NNLL+NLO (scale var.) 1 1
] aMC@NLO-SCET [
3
9
£
z 107
; F
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©
©
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Figure 6.2: The differential distribution do /d My w in the Standard Model, computed with

our method, and with the program aMC@NLO-SCET [122]. See the main text for details.

most recent jet-veto efficiency (JVE) method [140] at the relevant accuracy (the wider,
lighter band), and pure scale variations (the tighter, darker band). The details of both
prescriptions can be found in appendix D.1. The SCET prediction corresponds to the
default scale choices, and is at the boundary of scale variation uncertainties and well
within JVE uncertainties. We remark that we do not expect perfect agreement, because,
although both methods share the same formal accuracy, they differ in the treatment of
subleading effects.

A last comment on uncertainties is in order here. Within MCFM, we do not have access to
NNLO calculations for di-boson production, so we cannot match our resummed predictions
to NNLO. As a result of this, the JVE method may be overly conservative, due to the
largish (~ 1.5) K-factor of the WW inclusive total cross-section, which propagates in the

evaluation of the uncertainty according to the JVE method. If we were to match to NNLO,
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the JVE uncertainty would be reduced, and, as happens for Higgs production [93], would
probably be much closer to plain scale uncertainties.
In order to have a specific example of a BSM theory that implements the effective
operator of eq. (6.1), we consider the following modification of the SM Lagrangian [141]:

i} h
Lo —mt%htt + &Q%EGZVG’;", (6.23)

with ¢, h, G}, the top field, the SM Higgs field, and the gluon field strength respectively.
The SM corresponds to (k¢,kg) = (1,0), and in this section we will only explore BSM
scenarios such that k; + k4 = 1, which ensures that the Higgs total cross section stays
unchanged (modulo quark-mass effects, which give a correction of a few percent [140]).
Such modifications of the SM Lagrangian has only an appreciable affect the gluon-fusion
contribution to di-boson production. Their effect has been investigated before for the
case of ZZ production [116], where one does not need to impose a jet veto to suppress
unwanted background. Here we wish to study how the presence of a jet veto, required for
studies of W W production, affects the relative size of a BSM contribution with respect to

the SM background. We consider the three benchmark scenarios studied in ref. [116], i.e.

(kt,kg)sm = (1,0),  (ke, kg)Bsm, = (0.7,0.3), (K¢, Kg)BSM, = (0,1) . (6.24)

First, in Fig. 6.3 we compare the loop-induced gluon fusion contribution to the My w
distribution at LO, which is what is given by default by any automated Born-level event
generator, with the NLL analytic resummation, which gives the best modelling of jet-
veto effects at the currently available accuracy. Our best ¢¢ prediction is also shown

for comparison. We see that, if we include resummation effects, the cross section for each
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Figure 6.3: The differential cross section do/dMyyw for the three benchmark scenarios of

eq. (6.24), at LO (left) and at NLL (right) accuracy.
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benchmark point is reduced by almost an order of magnitude in the tail of the distribution,
where BSM effects start to become important. We then investigate more quantitatively
how this impacts the deviations we might observe with respect to the SM, by plotting the

quantity
dafgSM/dMWW — dagév[/dMWW

6.25
dO'qq/dMWW ( )

S(Mww) =

BSM

9o is computed according to eq. (6.7), dUSéVI differs from dJ];’gSM

In the above equation, do
by the fact that the BSM contribution to the amplitude (MS%SM in eq. (6.9)) is set to zero,
and dogg follows from eq. (6.12). Fig. 6.4 (left) shows 6(Myw) for the benchmark point
(0.7,0.3). We first note the growth of this quantity with energy, as expected from the
effective nature of the ggH vertex. Fortunately, the growth persists after including jet-
veto effects through NLL resummation, however the deviation from the SM reduces from
the 1% that one would obtain using fixed-order calculations (see fig. 6.3) to fractions of a
percent. The same quantity shown in the right panel of fig. 6.4 for the benchmark point
(0.0, 1.0) displays qualitatively the same behaviour, although the deviation is a factor ten
bigger. We see that, in the presence of jet-veto restrictions such as the one in the ATLAS
cuts [96], one is bound to use a theoretical tool that resums large logarithms. This could

be either resummed predictions, or simulations with parton-shower event generators. We

will first consider resummed predictions and then the predictions of parton-shower event

generators.
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Figure 6.4: The relative difference between BSM and SM do /dMyw defined in eq. (6.25)
for the two benchmark scenarios (ki, kg)Bsm, (left) and (K¢, kg)Bsm, (right). The la-

bels refer to the accuracy employed in the calculation of numerator and denominator in

eq. (6.25).

The variable §( My ) is of theoretical interest only, because, as mentioned above, we
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do not have access to the momenta of the neutrinos. To have experimentally accessible
observables, we consider differential distributions in Mp; [142], Mpe [143] and Mrps [142],

three measurable variables that are strongly correlated with My

My = \/(MT,eu +¢T)2 - (ﬁT,eu +¢T)27 Mr e = \/pgr,eu + Mezw (6.26a)

Mypy = \/ W7 ey (1 — €08 Adeys.miss) , (6.26b)

M3 = \/(MT,eu + Mp)? = (Frep +Pr)?, My = \/m (6.26¢)

In the above equations, pre, = Pre + D1y, and MEM = (pe + pu)?. The vector 5T
is the missing transverse momentum, defined as minus the vector sum of all detectable
particles. Note that, if no jets are present, as at Born-level and in NNLL resummed
predictions, iﬁT = —PT,ep- Last, Adeymiss is the azimuthal angle between pr ., and ﬁT.

The corresponding results for § are shown in Fig. 6.5. We note that Mps gives rise to
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Figure 6.5: The relative difference between BSM and Standard Model WW production,
differential in My (left) and Mps (right).

considerably larger deviations with respect to Mpq. This is because low values of My 9 are
correlated to larger values of My, so Mpo effectively probes the My distribution in
the high-mass tail, where BSM effects are appreciable. However, this also means that the
differential cross section in Mpo is much smaller than that in My, as can be seen from
Fig. 6.6. Therefore, the discriminatory power of Mrs is only of use if we have a very large
number of events. We have also studied the variable M73 defined again in ref. [143] and
first devised in ref. [144]. The distribution in this variable looks very similar to that of
2M71, so the same discussion as for My applies here.

We now compare our results to parton-level predictions from parton-shower event

generators, using existing tunes. In particular, for ¢ we consider POWHEG [145-148]
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Figure 6.6: The distributions in M = Myyw, M1, Mo for the gg incoming channel.

matched to the AZNLO [127] tune of PYTHIA v8.230 [149], and aMC@NLO [150-154] matched
to PYTHIA, this time with the default parameters. To investigate the dependence on
the shower algorithm, we also consider the parton shower HERWIG v7.1.0 [155, 156]
matched as POWHEG+HERWIG, and aMC@NLO+HERWIG, both with the default parameters.
For POWHEG+PYTHIA, we use the PDF set by the AZNLO tune, i.e. CT10 [157] for POWHEG
and CTEQ6L1 [158] for the parton shower. For consistency, we use CT10 everywhere for
POWHEG+HERWIG. For POWHEG+HERWIG, we also performed runs with default shower PDFs,
and noted no significance difference in the resulting distributions. For all the aMC@NLO
runs we use PDFALHC15 PDFs, both for the generation of the hard configurations and the

shower.

The comparison of resummation with event generators is shown in Fig. 6.7 for the SM
(for q¢ — WW and gg — WW separately), and in Fig. 6.8 for the two BSM scenarios
considered above. Resummed predictions include an estimate of theory uncertainties at the
appropriate accuracy, as explained in appendix D.1.3. Note that, due to the missing NLO
total cross-section for the incoming gg channel, JVE and scale uncertainties for gg — WW
are of comparable size, with the JVE ones slightly larger. We first observe that, both for
qq- and for gg-initiated W W production, all event generators agree with the resummation
within its uncertainties. For ¢g, where we can match parton-shower predictions to NLO,
POWHEG+PYTHIA shows a remarkable agreement with the resummation, but other event
generators give comparable results. We note that predictions obtained with aMC@NLO show

a slightly different trend with My . In particular aMC@NLO+PYTHIA is slightly above our
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Figure 6.7: Analytical predictions for the SM distribution in the invariant mass of a W
pair, compared to results from various parton-shower event generators, corresponding to

the details given in the main text.
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the main text.
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central prediction at low My, and a bit lower at high My, whereas aMC@NLO+HERWIG
shows the same trend but is everywhere lower than our predictions.

In the gg case, both for the SM and the considered BSM scenarios, we can only
compare to unmatched parton-showers results, as no NLO calculation is available. We
observe that PYTHIA is in better agreement with our predictions at large values of My,
whereas HERWIG’s predictions have the same shape as ours, but are systematically lower
by about 10%. Overall, there is agreement between our predictions and parton showers
within uncertainty bands, so the latter can be reliably used for this process. We remark
that parton-shower predictions not only have lower formal accuracy, but are also much
more expensive computationally. Hence it might be lengthy to assess with those tools if
a range of BSM parameters leads to sizeable deviations from the SM, whereas with our

numerical implementation such analyses could be performed at the cost of an unshowered

Born-level calculation.
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Figure 6.9: Impact of different cuts on the jets on do/dMpyw in the SM for qq (left)

modelled with POWHEG+PYTHIA and gg (right) modelled with plain PYTHIA.

We now investigate the impact of actual ATLAS cuts on the jets with respect to the

simplified cuts in table 6.1. First, ATLAS vetoes only jets with |y| < 4.5. This does
not cause problems for our resummed calculation because, according to the arguments in
ref. [159], it just limits its validity to the range log(Mww /Pt veto) < 4.5, which is within

the region we consider. However, ATLAS employs an additional cut on the jets, vetoing
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Figure 6.10: Impact of hadronisation and underlying event on do/dMypyw in the SM
for qq (left) modelled with POWHEG+PYTHIA and gg (right) modelled with plain PYTHIA.

The fluctuations in the right plot are due to statistical uncertainties in the Monte Carlo

samples.
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also jets with pp > 25GeV and |y| < 2.5. If we compute do/dMyw with the cuts in
table 6.1, we miss a contribution of order exp[—C/(as/7)Aylog(30 GeV /25 GeV)|®, with
C = Cp or C = Cy4 according to whether we have quarks or gluons in the initial state
and Ay the size of rapidity region in which the jet veto cuts differ, in this case Ay = 5.
This contribution is formally NNLL, because the rapidity region where ATLAS applies
a more stringent jet-veto cut does not increase with increasing My, for fixed py veto-
Last, the definition of ETRel used to define the cuts in table 6.1 considers only leptons,
whereas ATLAS considers all reconstructed particles, including jets. This leads to small
NNLL corrections that depend on the area in the y-¢ plane occupied by the rejected jets.
We study these effects using parton-shower event generators. In particular, in fig. 6.9 we
assess the impact of different cuts on the jets on do/dMyw, using parton shower event
generators at parton level, in particular we use POWHEG+PYTHIA for ¢¢ and plain PYTHIA for
gg. We observe that the rapidity cut |y| < 4.5 has essentially no effect. On the contrary,
implementing the full ATLAS cuts gives a sizeable but constant extra suppression. This
is reasonable given that the jet veto cut imposed by ATLAS in the central region |y| < 2.5
is tighter than the one corresponding to our simplified cuts. Although the contribution
we miss is formally NNLL, for the values of My we consider here, the rapidity region
in which p¢ veto = 25 GeV is larger than that where pt veto = 30 GeV. Therefore, using our
simplified cuts to mimic the ATLAS cuts we miss a potentially large contribution. In the
case of gg, the suppression is larger with respect to ¢¢ due to the larger colour factor of

the initial-state gluons with respect to the quarks.

Last, in fig. 6.10 we investigate the impact on do/d My of non-perturbative correc-
tions due to hadronisation and underlying event, using parton shower event generators.
Again we make use of POWHEG+PYTHIA for ¢qq and plain PYTHIA for gg. We observe that
hadronisation corrections are essentially negligible, which is expected since they scale like
inverse powers of the hard scale, in this case Myyy. Corrections arising from the un-
derlying event are a few percent, smaller than the typical theoretical uncertainties of our

predictions.

To summarise, the effect with the greatest impact is the different jet-veto procedure
employed by ATLAS. This could be modelled more accurately, either by making use of
an effective py veto, Or even better by performing a resummation of jet-veto effects with
rapidity cuts, as done in [161]. Both improvements are beyond the scope of the present

work.

5This naive estimate neglects the so-called non-global logarithms [160].
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6.5 Sensitivity studies

In this section, we compare the sensitivity of WW and ZZ production at HL-LHC (/s =
14 TeV, with 3ab~! of integrated luminosity) to the BSM operator considered in eq. (6.1).
Here we consider only the decay ZZ — ete™ ™ pu~. First we present the best predictions
that could be obtained with the theoretical tools considered here, for a given choice of
observables for the two processes. For WW we choose My in eq. (6.26a), and our best
prediction is NNLL for ¢q¢ — WW and NLL for g9 — WW. For ZZ we consider Mz, and
our best prediction is NLO for q¢§ — ZZ and LO for gg — ZZ. Note that the accuracy of
the predictions for gg annihilation for both WW and ZZ production can be improved to
include the most recent NNLO calculations of refs. [162-166]. For gluon fusion, full NLO
corrections have yet to be calculated, although approximate results are available [167-173]
7. While the inclusion of NNLO corrections to ZZ is straightforward, and can be obtained
by running the code MATRIX [163, 164, 166, 174-176], the use of NNLO corrections to WW
requires matching of fixed-order predictions to the NNLL resummation. Although this
can be achieved by interfacing the NNLL resummation to MATRIX, it is technically more
involved than the simple procedure described in section 6.3. Therefore, we leave matching
to NNLO to future work. The differential distributions in M7, and Mz are shown in

figure 6.11. We observe that, in the ¢g channel, the cross section do/dMp; with a jet-veto
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Figure 6.11: Our best predictions for the differential distributions do/dMp; for WW
production with the experimental cuts in table 6.1 (left) and do/dMzz for ZZ production

with the cuts in ref. [177] (right) for ¢q and gg processes.

"The two-loop diagrams with internal masses have not yet been calculated. Thus the contribution of
third generation quarks to the gg — W1 W™ matrix element must either be neglected or approximated by

another massless generation.
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is comparable to the cross section do/dMzz where no jet veto is applied. We note that,
even with a jet veto, the qq background is much larger in the WW case. Therefore, we
naively expect WW to perform slightly worse than ZZ for exclusion of BSM effects.

To be more quantitative, we generate exclusion plots for a range of values of the
parameters k; and k, entering the Lagrangian of eq. (6.23). To do this we ask ourselves
how likely it is that predictions corresponding to different values of (k¢, kq) are compatible
with data that agree with the SM. Quantitatively, given a value of (k¢, kg), we compute
n;i(ke, Kg), the expected number of events in bin ¢ of the distribution in a suitable leptonic
observable. Specifically, we choose M7y for WW production and Mzz for ZZ. Given a

set of data points {n;};—1,.. n, and a given value of (k, kg), we define

XZ(Kta ng) = Z (ni(ﬁta ”g) B ni)2 ’ (627)

n;

i

and from that we construct our test statistic

AX2(K/t7 "’fg) = XQ(/{tv ”{g) - XQ("%M ’%g) ) (628)

where (fy, &4) are the values of (ky, ky) that minimise x?(ky, ri,). This test statistic is a
good approximation to the usual log-likelihood ratio for counting experiments [70] in the
limit of a large number of events, and in the assumption that there are no correlations
between bins. Assuming n;(ky, g) is the expected number of events, in the denominator
of eq. (6.27) we can approximate n; ~ n;(k¢, kg). Therefore, Ax?(ky, r54) is asymptotic-
ally distributed according to a chi-squared distribution with two degrees of freedom (see
e.g. [178]), which we denote by f(Ax?(kt, kg) | Kt, Kg)-

We now consider data {n;}i=1 . n generated in such a way that the expected number
of events in each bin is the “central” SM prediction, corresponding to ur = ur = @ =
Myw /2 for WW and ur = pp = Mzz/2 for ZZ, which we denote with 7;(1,0). This
constitutes our “background-only” hypothesis. We now set exclusion limits in the (¢, rg)
plane using the median significance [70, 179], assuming those data, with which one reject
the hypothesis corresponding to each value of (¢, Kg) (our “signal” hypothesis). More
precisely, for each value of (k, r4), we construct the distribution in Ax?(ky, r,) under the
assumption of the background-only hypothesis, which we denote by f(Ax?(kt, rg) | 1,0).
We then compute the median of that distribution, which we denote with Ax2 (¢, Kg).

The p-value for each (k¢, kg) is given by

p(Kt, Kg) :/ f(AX2 | Kt, Kg) d(AX2) , (6.29)
AX2 (’it"'{g)

med

and we exclude at the 95% confidence level all (¢, rg) such that p(k¢, rg) < 0.05. In

practice, we have binned the variables My, and M7z in such a way that, when computing
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A2 4(Kt, kg), in the denominator of eq. (6.27) we can always approximate n; with ﬁgq,
the number of events obtained using central scales and the ¢q subprocess only.

We first consider the case in which the expected number of events for the signal hy-
pothesis corresponds to 7;(k¢, £g). We have examined two cases, both corresponding to
di-boson invariant masses above the Higgs mass, so as to ensure to have complementary
information with respect to Higgs cross sections. In one case, we have considered only two
bins, a low-mass bin (200 GeV < M7y, Mzz < 400 GeV) and a high-mass bin containing
the rest of the distributions. The low-mass bin is more sensitive to x;, and the high-mass
bin to k4. The corresponding exclusion regions in the (k¢, k4) plane are bounded by the

dashed contours in Fig. 6.12. We see that WW is complementary to ZZ for low values

2 T T T T T T T
WW 2bins ------

WW 61 bins — ]
ZZ 2bins ------

1.5 -

95% CL

Figure 6.12: Exclusion contours at 95% level for WW and ZZ production. See the main

text for details.

of k¢, whereas the sensitivity to x4 of ZZ is larger. This can be understood from fig-
ure 6.11. Note that, despite the fact that the WW cross-section is larger, the presence of
the jet veto kills a good fraction of the gg signal, with the net effect that its cross-section

decreases with increasing Mpi. In the ZZ case, where there is no suppression due to a
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jet veto, the contact interaction driven by &, is fully effective, and makes the gg signal
flatter with respect to the qq background, thus giving a larger sensitivity to 4. We gain
sensitivity by considering a greater number of bins. For instance, we have considered 60
bins equally spaced from 200 GeV to 1400 GeV, and an extra bin containing the distri-
bution with larger values of My, or Myzz. The corresponding exclusion contours are the
solid lines in Fig. 6.12. For reference, we also plot the line x; + k4 = 1, and three points
corresponding to the SM, and the scenarios BSM; and BSMjy considered in the previous
section. We also draw bands corresponding to 95% confidence-level bounds on ¢+ x4 and
k¢ obtained from ref. [180]. These give more stringent constraints than our observables,
which have nevertheless complementary sensitivity, since the analysis of ref. [180] probes
regions of di-boson invariant masses that we do not consider here. Also, having full con-
trol of theoretical predictions for both the signal and the background, our procedure is
suitable for optimisation of both the observables and the binning procedure, and is open
to improvements of the theoretical predictions.

The exclusion contours we have obtained so far do not take into account theoretical
uncertainties. Including theoretical uncertainties, the true theory value n;(ky, kg) will
differ from its central prediction 7;(k¢, kg) by some theoretical error ¢;, taken to lie in

some interval A;. In every bin, n;(k¢, kg) will be the sum of a contribution nEqQ) arising
(99)

from quark-antiquark annihilation, and a contribution n;”"’ (¢, k4) arising from gluon fu-

sion. Denoting by Aggg)(ﬁt, kg) and qu(j) the theoretical uncertainties on (respectively)

(49)

(99)

n;”" (ki kg) and n;", and considering the fact that these predictions correspond to com-

pletely uncorrelated processes, we take the theoretical uncertainty on n;(k¢, £4) to be given

by

Ak, k) = \/ <A§gg)(l€t,ﬁg))2 + (qu@)Q. (6.30)

Therefore, the x? corresponding to a given value of (k, Kg, 5= {61,92,...}) is given by

Z (i (K, kg) + 6 — n;)? . (6.31)

2 3\
Xexp(ﬁh Kg, 6) = N

i
In order to estimate the impact of theoretical uncertainties on our sensitivity contours, we

adopt the approach of ref. [178], and add to ngp a Gaussian “theory term”, with a width

Ai(kt, kg)/2, as follows:
- 52
2 — [
Xin (Kt, g, 0) = E T —— (6.32)
’ T (Qikes rg) 2)°
The test statistic corresponding to (k¢, k¢) is then obtained by profiling with respect to S:

i.e. computing

X2 (Kty kig) = m(sin [ngp(ﬁt, Iig,g) + XE (ks kg, 5)] . (6.33)



133

For ngp and x4, as in (6.31) and (6.32) this gives

ke, rg) = Z (71 (e, Kig) — mi)? ‘ (6.34)
T e (A, 1g) [2)°

In other words, for a Gaussian theory term our treatment is equivalent to the common
prescription to combine theoretical and experimental errors in quadrature.® With our

(99)

choice of bins, we can approximate A;(k, kg) >~ A

Before presenting sensitivity contours including theory uncertainties, it is worth com-
paring the impact of statistical and theoretical uncertainties. In the case of WW pro-
duction, theory uncertainties differ according to whether we use the efficiency method
described in appendix D.1.3, or we just perform 9-point scale variations in the resummed
cross section. In the former case, as can be seen from Fig. 6.7, relative theory uncertainties
are of order 40%, whereas in the latter they are of order 10%, with a mild dependence

(99)

on Mww. In both cases then A roughly scales like n;. Therefore, by looking at the
denominator of eq. (6.34), we see that in the bins with larger n;, theory uncertainties
will dominate over statistical uncertainties (~ /n,), and hence these bins have very little
power to constrain (k¢, kg). In the case of ZZ, theory uncertainties are smaller, around
5%, so all bins retain their constraining power. This is illustrated in Fig. 6.13. All contours
have been obtained with 61 bins, as explained above. The outer contour (dotted) corres-
ponds to WW production with theory uncertainties estimated with the JVE method. As
explained in sec. 6.4, the method is probably overly conservative, and the corresponding
contour cannot compete with the constraints from ZZ production. Note in particular that
large theoretical uncertainties affect mostly the bins with lowest values of M7, which are
the most sensitive to k;. This explains why the JVE contour is so wide compared to the
others. The solid contours correspond to uncertainties obtained with the appropriate scale
variations, both for WW and for ZZ. Based on previous works on Higgs production with
a jet-veto [92, 93, 140], we believe that scale variations for WW give a realistic estimate of
the best theoretical uncertainties that could be obtained with a matching to NNLO with
the JVE method. We see that, taking into account theory uncertainties at the currently
achievable accuracy, WW does not have complementary constraining power with respect

to ZZ. However, the dashed curves, corresponding to all predictions fixed at their central

value without theory uncertainties, show that WW might compete with ZZ. We have

$In fact, (6.32) itself can similarly be obtained as follows: (i) introduce separate 5% and 67 para-

meters for the two components of n;(k¢, kg), (ii) add separate Gaussian theory terms for the former, of
respective widths A9? /2 and AP /2. (iii) define &; = 69 + 6?7 and rewrite the x> in terms of § and

5,5'”7)7 (iv) profile (minimise) the x? with respect to 65‘?‘7). This again gives the expression (6.34).
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95% CL

Figure 6.13: Exclusion contours at 95% level for WW and ZZ production, corresponding

to different ways of estimating theoretical uncertainties, see the main text for details.
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therefore determined the necessary accuracy on WW production such that one obtains a
comparable sensitivity with ZZ. First, we have observed that, in the case of ZZ, adding
the NNLO contribution to ¢¢ does not improve the overall theory accuracy, due to missing
higher orders in the gg channel. So we assume that the uncertainties on ZZ production

will remain the NLO ones, i.e. around 5%. The solid contour for WW in Fig. 6.14 corres-

1.5 -

95% CL

Figure 6.14: Exclusion contours at 95% level for WW and ZZ production, corresponding

to an optimistic reduction of theoretical uncertainties, see the main text for details.

ponds to an estimated theoretical uncertainty of 3% in every bin, which is approximately
the one you need for WW to be competitive with current ZZ predictions. Based again
on previous work on Higgs production [140], such an uncertainty could be reached by
matching NNLL resummation to a future NNLO calculation for WW plus one jet, and
maybe even further decreased after an N3LL resummation. We note that improving ZZ
predictions hardly offers any stronger constraint. However, improved predictions for the
gg channel, both for WW and ZZ, might move the central prediction, and may open up
further space for constraints.

We conclude this section with a comment on the actual implementation of the calcu-

lation of x?(k¢, kg). If we consider the numerator of x?(k, ry) in eqs. (6.27) and (6.34),
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(99)(

we see that it involves n,””’ (k¢, kg). This quantity is a second-order polynomial in x; and

kg, arising from the square of the matrix element
MY + MY, = kMY 4k, M69) 1+ MO | (6.35)

where Mt(gg ) and Mgsgg) are the contributions of the Higgs produced via a top loop and a

)

contact interaction respectively, and Mc(gg the remaining contributions, giving rise to the
so-called “continuum” background. The fact that we have full control over M99 allows
us to compute the coefficient of each power of x; and x4 separately, and once and for all.
This is crucial for an accurate calculation of x?(k, k), because a naive implementation of

this quantity might involve cancellations between large numbers, whose control requires

Monte Carlo samples with large statistics.

6.6 Conclusion

We have studied the impact of a veto on additional jets on setting limits on the coupling
of a dimension-6 operator affecting WW production. In the presence of such a veto, large
logarithms of the ratio of the maximum allowed jet transverse momentum ps veto and the
invariant mass of the WW pair My w have to be resummed at all orders in QCD. These
logarithmically enhanced contributions give rise to the so-called Sudakov suppression of
cross sections with respect to naive Born-level predictions. The dimension-6 operator we
considered affects WW production via gluon fusion, but does not affect WW production
via quark-antiquark annihilation, which stays unchanged with respect to the SM. At Born
level, the effect of this operator amounts to a growth of the cross section at large values
of Myyw. Unfortunately, the suppression due to the jet-veto gets larger with increasing
Myyw . Also, such suppression affects gluon fusion more than quark-antiquark annihilation
due to the fact that gluons radiate roughly twice as much as quarks, so vetoing radiation
off gluons cuts a larger portion of cross sections. Therefore, enhancement due to a contact
interaction and Sudakov suppression are in competition.

To investigate quantitatively the impact of a jet veto on WW production, we have
devised a new method to interface the most accurate resummed predictions for the gg and
qq channels to fixed-order QCD event generators. This procedure provides events that
are fully differential in the decay products of the WW pair, so that suitable acceptance
cuts can be applied. The method involves minimal modifications of the ingredients already
present in fixed-order event generators, and can be applied to the production of any colour

singlet. In particular, we have implemented the procedure in the fixed-order program MCFM,
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which resulted in the code we called MCFM-RE, a Resummation Edition of MCFM.

Our program MCFM-RE has been used to produce differential cross sections for WW
production with a simplified version of the ATLAS acceptance cuts, both in the SM, and
including BSM effects induced by the aforementioned dimension-6 contact interaction.
The main message is that, with the value of p; veto used in current analyses, Sudakov
suppression effects dominate over the enhancement produced by a contact interaction, so
that deviations from the Standard Model are in general quite small for reasonable values

of the strength of the contact interaction.

We have compared our results with those obtained from a number of parton-shower
event generators, and we have found very good agreement. We have used parton-shower
event generators to estimate effects that cannot be not be taken into account by our
analytical calculation, and found that they have a small impact, well within our theory
uncertainties. We emphasise that our predictions have the computational cost of a Born-
level event generator, and provide full analytical control of theoretical uncertainties. Our
predictions are also in agreement, within uncertainties, with those obtained by interfacing

a SCET calculation with the same formal accuracy with aMC@NLO.

We produced projections for the sensitivity to the considered BSM effects for HL-LHC,
and compared with what could be obtained using ZZ production, which is not affected
by the presence of a jet veto. We have found that WW has complementary sensitivity,
provided it is possible to reduce theory uncertainties below 3%. This could be achieved by
both matching current resummed predictions with a future calculation of WW plus one
jet at NNLO, and improving the resummation to achieve N3LL accuracy. We hope this
work encourages further theoretical work in both directions. We remark that the main
advantage of using MCFM-RE for such studies compared to parton-shower event generators is
that we have access to amplitudes, so we can compute separately all terms contributing to
square matrix elements, in particular interference terms which can be computed separately

with an arbitrary numerical accuracy.

We have found that, with the current acceptance cuts, the observables we have con-
sidered are not yet competitive with Higgs total cross sections, although they do provide
additional information. However, our code does provide an accurate and fast tool to ex-
plore different choices of cuts and observables, so could be used for further studies in this
direction. Also, it makes it possible to implement other models of new physics affecting

the production of a colour singlet.

Last, our code is the only implementation of the jet-veto resummation of ref. [140]
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that is fully exclusive in the decay products of a colour singlet, so it can be used for
precision determinations of Standard Model parameters, notably those characterising the

Higgs boson.
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Chapter 7

Conclusion

The quest for ever increasing precision in elementary particle physics is a never ending
one, the discovery of new physics at higher energy scales demands that we know the QCD
background at the sub-percent level. We have contributed to this quest through our study
of the soft and collinear behaviour of QCD. We have provided better predictions of the
QCD background at the LHC for the study of processes that require a jet veto. And
we have been able to study at NNLL accuracy the D-parameter, a three-jet event-shape,
measured during the LEP era for the first time. The extension we have made to the ARES
framework offer new opportunities to study the phenomenology of interesting observables

at present and future colliders.

In Chapter. 4 we extended the ARES method to the calculation of three-jet event-shapes
in ete™ annihilation. We kept the presentation as general as possible so that any rIRC
safe observable can be computed. To account for additional sources of NNLL corrections
we introduced a new correction function 6.5 to account for the emission of soft wide angle
radiation. We encountered spin-correlations in the final-state for the first time, due to the
presence of a gluon in the final state of three-jet events. We were able to account for this
correlation by extending the definition of §F,c. and for the case of eTe™ — qgg we were
able to factorise the spin correlations into a terms that depends onto on the momentum of
the hard-collinear gluon Ap, and a single function that depends on the Born configuration
Sp(®g). We re-derived the remaining multiple emission functions from first principles,
and were able to, for the most part, retain their previous definitions.

Following the considerations made in Chapter. 4, in Chapter. 5 we made use of the
newly extended ARES method to resum the D-parameter in near-to-planar three-jet events
at NNLL accuracy for the first time. The D-parameter is an additive observable and as

a result of this we were able to determine most of the ingredients for the resummation



140

analytically, for the remaining pieces we determined their numerical value with simple
Monte Carlo methods. We were able to produce predictions that can be compared to
data taken by the ALEPH detector at LEP-1. And we made predictions for a future

Te~ collider. The commonly used log-R matching scheme does not work particularly

e
well for this observable and more aggressive matching schemes are needed to perform

comprehensive phenomenology.

In Chapter. 6 we took the results of the jet veto resummation of Ref. [92, 93] and
extended them to be differential in the leptonic final state. We devised a completely
general procedure to allow the interface of resummation and fixed-order event-generators.
We rely only on elements that must be present in all event-generators. We produced a
code, MCFM-RE, that demonstrates the method. The code interfaces the JetVHeto code [93]
with the fixed-order event-generator MCFM. This greatly extends the code of JetVHeto, it
can now be used to resum jet veto effects for any colour singlet final state at NNLL
accuracy, provided that the virtual corrections to the process are implemented in MCFM.
And we gain access to the phase space generation of MCFM, so we are able to produce
predictions that are differential in the leptonic final-states. Then we used the MCFM-RE
code to constrain the BSM operator Eq. (6.1). With the jet veto under control we are able
to examine how the WW channel impacts constrains on the operator. Previous studies
had only been able to consider ZZ, as there was no way to correctly account for the jet veto
effects. We discovered that WW, while somewhat complementary to constraints coming
from ZZ, is not particularly competitive. The situation is however dominated by the error
on the background prediction, with an N3LL resummation of the jet veto and matching
to N3LO fixed-order the bound could be made competitive. As an aside to this, using
MCFM as a matrix element provider gives us full control over the amplitudes. Using this
technique we were able to compute only the coefficients of the different contributions. This
makes our constraints very cheap to compute, as there is no need to run a parton-shower

event-generator for every parameter value of interest.

Looking to the future, our extension of the ARES framework to three-jet observables
encapsulates the majority of the work necessary for predictions of n-jet observables. The
opening of three-jet event phenomenology gives us access to new precision observables
that contribute to the precise determination of . Further, the D-parameter is not the
only three-jet event shape for which there exists interesting data, at ALEPH data for
thrust-minor was taken, and further work with ARES will enable us to study it for the first

time at NNLL accuracy.
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By making use of fixed-order event-generators as we have done in Chapter. 6 we gain
access to matrix elements and phase space generation. These can be interfaced with
resummed calculation, only now we can easily make these calculations differential in the
leptonic final-states, and we are able to consider many underlying hard processes for any
given observable provided that associated virtual corrections are includes in the event-
generator. We can use the well tested event-generation frameworks as a base for our
predictions, this way we need only concern ourselves with the performing resummation,
and the implementation follows very simply.

These extensions we have made to the ARES framework pave the way for interesting
studies on the phenomenology of multi-jet events and for increasingly exclusive resumma-

tion predictions.
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Appendix A

The SU(N.) Lie Algebra

The SU(N,) Lie group can be represented by N. x N, complex unitary matrices U,
meaning that U must satisfy UTU =1 and det U = 1 where I is the identity matrix. An

—

infinitesimal group element U(f) can be written as

U(f) =1 +i02 T4 + 0(6?), (A1)
where we adopt the convention that U(0) = I, 04 are the parameters of the transformation
and the set of matrices T4 are called the generators of the Lie group. The vector space,
su(N,), spanned by the generators is referred to as a Lie algebra'. We can construct the

elements of the Lie group from the Lie algebra by making use of the exponential map

U(9) = exp (i04T4) . (A.2)
For a finite dimensional representation, the generators of su(NN.) are a set of traceless
Hermitian matrices. For a generic representation of su(/N.) we will denote the generators

by the matrix TTA. The generators satisfy the Lie bracket
[T;L‘aTrB] = Z.fABCTrcv (A?’)

where fABC are the structure constants of the Lie algebra. The structure constants are
unique to a given Lie algebra, irrespective of the chosen representation of the generators.
The uppercase indices run over A, B,... = {1,..., N2 — 1}. The Lie bracket of Eq. (A.3)

must also satisfy the Jacobi identity

(T2 T2 TN + (L7, [T T + (17 [T TP = 0. (A.4)

'Strictly a Lie algebra is a vector space g, together with a Lie bracket that satisfies the Jacobi identity.

So really, on its own, su(N.) is just a vector space.
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However, in our case, we are only interested in two specific representations, the so
called fundamental (or defining representation) and the adjoint representation. These
representations correspond to the quarks and gluons respectively. For these specific rep-
resentations of su(N,), we denote the generators by the matrices (t4)y. and (T4)pc for
the fundamental and the adjoint respectively. Here we make the connection between the
case of the indices and the associated representations. Uppercase indices are associated
with the adjoint and lowercase indices are associated with the fundamental and run over
a,b,...={1,...,N.}.

The generators of the fundamental representation, t4 are provided by the eight Gell-
Mann matrices, t4 = %)\A. And we construct the generators of the adjoint representation
from the structure constants, (T4)pc = —ifAPC. The conventional normalisation for the

generators of su(N,) is chosen to be
1

Tr (t*5) = TR 045, Tr= 5 (A.5)
Certain combinations of generators can yield quantities that are invariant under the action
of the Lie algebra. The simplest, and most useful of these comes from considering an
operator T? = TATA. This operator is an invariant and so it commutes with all the
generators of the Lie algebra, it is therefore proportional to the identity. We then write
this operator as 7> = C,I, where C, is the quadratic Casimir. For the fundamental and

adjoint representations we have

Ay (A : N2 -1
(t )ab(t )bc = CF 6@07 with CF = s (AG)
2N,
(T po(TYep = Cadpp, with Cy=N.. (A7)

This is all of the background on Lie groups and Lie algebras that is necessary to construct
the theory of the strong force. A more pedagogical review on the application of Lie groups
and Lie algebras to elementary particle physics can be found in any of the standard

textbooks on QFT, for example Refs. [181-184].
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Appendix B

The QCD Feynman Rules

v Y22
B,v Ap _ —g* +(1_5)ppg AB

299909999 D2+ ic

p
B A B Z'(SAB

................. _p2+i6

p
b a B i&ab

! a p—m—l—ie

(B.2)

(B.3)
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A p
= = —ige(t")beYp (B.4)
c b
A p
d
FABC(p q T) = Y\T = _igs(TA)BCVuup(pa q, 'r‘) (B'5)
uvp s 45
B,v q C,p
An By JrfEACfEBD (g;wgpa - g,uagup)
FﬁuB;;gD = = _igg +fEADfEBC(guugpa - g,ungU)
+fEABfECD (g,upguo - g;wgup)
C,p D,o
(B.6)
A p
d
oo = AN = —igs(T")cry (B.7)

Vo0, @,7) =0~ Qp 9w + (@ =7 Gop + (r —=DP)v Gpp, P+q+7=0. (B.8)
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Appendix C

Resummation coefficients

C.1 Radiator

The renormalisation group equation for the QCD coupling constant is

das(p?)
dlog p2

= —a2(1®) Y Bual(p?), (C.1)
n=0

where the coefficients of 3(as) are given by

o 110,4 - 4TRTLF

2
Bo = : (C.2)
17C4 — Trnp(10C4 + 6C
g, = 17Ca R2I~;1§T2 A F)’ (©3)
9857C% + 2Tpnp (5402 — 615C5C 4 — 14150%) + (2Trnp)(66CE + 79C.4)
P2 = 3 .
34567
(C.4)

The physical coupling aghys' is related to the MS coupling alsvTS as follows

phys. __ _MS 1 - a}s\/[is K(n) C.5
Qg = + Z 7 ) ( . )
n=1

where the set of coefficients K (™ are given by

67 w? 10
1 — —_ ) =7 C.6
K A <18 : ) o Lrnr (C.6)
245 67 11 11 55
K@ — o2 (222 _ 22 —= —Z¢2) 4T _Z 49
Ca o 9C2+6C3+5Cz + 2TrnpCr 51T (3
209 20 14 4
Trng [~ + 26 — (3 ) — —(Trnp)?
+Cy RnF< 1 + 9 G2 3 Cs) 27( RNF)

7B 808 224
—_— — =2 — 2T — . .
+ 5 (CA ( o 8C3> RNF £ > (C.7)
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Minus the coefficient of §(1 — x) in the AP splitting functions is given by

3
%50) = —§CF7
W) = —2rpy,

C 4 17 1172
%51):_71? (CF (3—7T2+12C3> +C'A(12 9 )

1 272
—2TRnF (6 + 9>> 5
1 2

(C.10)

(C.11)

The massless radiator r? is composed of the g(z) functions that are defined in Eq. (4.101),

(2

and the massive radiator dr; is determined solely by dg(). Their explicit expressions are

given by
(a+bg—2)\)log(1— ) (a—2\)log (1 - 2)
(€) _ - a+by a
% (A) - 2 Fbgﬁo/\ ) (0‘12)
g\ = 1[K( | (alog( @) ~la+bilog <1_ “+bz))
2 7T2b4,32
B1(a + by) log? (1 - ai)gz) B1(a + by)log (1 — a+bg>
i 27Tb€ﬁ(?)) ngﬂo
oo (1 - 2) (log (1~ 2) +9)
-5 2be ] ; (C.13)
SO0 [K( 1 (a0 b+ 200 Tog (1= 2) = (a-+ 00— 20 Tog (1= 24) + 6000%)
’ 27be A3 (@ — 2A)(a + by — 2)

1
2
( a+ bg)%(a — 2)) log? ( — ?> — 4by\? (5052 + 51))
2b,83(a — 2X)(a + by — 2X)
alog (1 - 2) (26p82(a — 2)) + afflog (1 — 2) +457))
2bo 35 (a — 2))

(a-+bi)log (1= 2) (Bofha(a + b — 21) +261))

+
bgﬁo (a + by — 2)\)
K@ 2)%
472(a — 2X\)(a + by — 20) 33
O(yy _ _ A

(C.14)

(C.15)

note that compared to the functions defined in Ref. [61], we have stripped away the colour

factor.
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Similarly we provide explicit expressions for the derivative of the soft radiator

1 2\ 2\
TII\ILL,Z()‘) = m (bg (1 - CH-W) — log <1 - a>> ) (C.16)

! ) = 2(Q) beBo KV — 27by 81\
TNNLL,¢(A) b2 (a — 27\)(a + by — 20 5o b1

2\
—ma(a+ by —2X)B11n <1 - a>

+7(a+b)(a— 208 In <1 _ 2 ) } , (C.17)

a+ by
as(Q) 2
T (a—2N)(a+by—2\)

7’f\/INLL,z()\) = (C.18)

We note that we can build the derivatives of the radiator for each leg by restoring the

colour factors

Ryine(N) = Cornpr (A (C.19)
Ranine(N) = Cornnrne(A) (C.20)
RKINLL,E(/\) =Cy T&NLL,@(/\) . (C.21)

The hard-collinear radiator is composed of {9 functions that are defined in Eq. (4.103).

7

Their explicit expressions are given by

(0)

£) _ Ye _ 2\
hy’ () = 727Tﬁ0 log (1 s bg) , (C.22)
_2)
1O (3) = A0 A <(a + ) (log (1 a+be)) * 2A) N0 A ()
’ ¢ 253 (a + by — 2)\) ¢ 27r60(a + by — 2)\)

C.2 Scale variations

To vary the renormalisation scale we must expand all of the terms in the radiator, which

are functions of A = a(Q)Bplog £, around A = s (r)Bo log % Keeping terms only up to

v
NNLL accuracy we find that in the soft radiator we must make the following replacements
(0)

for the g;”” functions
a1 (\) = a (k) =g, (C.24)
- - B 2
92 (V) = g2\, k) = g2(N) + A2} (V) log g 7 (C.25)
N2y 3 A B N2 /Y N%{
93(A) = g3(A\, pur) = g3(A) + 7 ( BoAga(N) + %A g1 (A) log 0

2
+ (ﬁo)\2g/1()\) + 520)\39,1,(/\)> log? % . (C.26)
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For the derivative terms that appear in the soft radiator, we must make the following

replacements
Tl/\ILL,z()\) — T{\ILL,Z(X lﬁ%) = T&LL,@(S\) ) (C.27)
~ B - 2
Tl’\INLL,e(/\) — Tf\INLL,z()\a M%{) = TII\INLL,Z(/\) + )‘Ti\/INLL,Z()‘) 105—’; Q2 ) (C.28)
TKJNLL,@(/\) - TKINLL,E(X lﬁ%) = TNNLL e(;\) (C.29)

For the hard-collinear radiator we must make the following replacements

>

ha(A) = ha(X, ug) = ha(X), (C.30)

ha(A) = ha(, 1) = hs(A) + mBoAhh(N) log g; (C.31)

Note that the ratio log uQR /Q? is a feature of using A and ), if we were to use Aij we would
pick up a term log ,u% / Q?j instead.

Similar to the variation of ur we would also like to probe the dependence of the observ-
able on xy. We must perform similar set of replacements as we did for the renormalisation
scale. This time we wish to expand A = as(Q) 5o log% around \ = as(Q)Bo log =¥ Keep-

ing terms only up to NNLL accuracy we find that in the soft radiator we must make the

()

following replacements for the g, functions
71 () > g\ av) = g (M), (C.32)
92() > g2\ av) = (V) + (1) + Mg (V) (- logav) | (C.33)
g93(A) = gs(A\, zv) = g3(A) + wBogh(A) (—log zy)
~ i (400 + 3640 ) (- loga)?. (©.31)

For the derivative terms that appear in the soft radiator, we must make the following

replacements
rNLLe(A) = rll\ILL,f(S‘a ry) = rf\rLL,e(j\) ) (C.35)
"”f\INLL,e()\) - T{\INLL,Z(S‘a ry) = r{\INLL,Z(S‘) + T{\,INLL,Z(S‘) (—logzv) , (C.36)
TKINLL,E()‘) - TKINLL,ZO‘; Ty) = rf\,INLL,Z(j‘) . (C.37)

For the hard-collinear radiator we must make the following replacements

ha(A\) = ha(A, 2v) = ha(X) (C.38)

ha(A) = ha(X, zv) = hy(N) + 7Boha(N) (—log zv) . (C.39)



C.3 Expansion coefficients

as(Q)

YNNLL(v) = []:NLL()\) <1 +

co n+l

n=1m=0
oo n+l

= Z Z Ay @ L™ .

n=1m=0

1
A0 4y 2e)
X exp [Z Z Gomay L™

G = Y G2 + YL
l

(ab)

1
G12:_anb > m>

Le(ab)

Gu = anb > m (log dege)

Le(ab)

G = anb Z W <10g2 dégé> )

Le(ab)
470 (2a + by)
st=—20ab > e b
(b e b) 3a? (a+ by)
o (2a+b
G = zcab > TR o dig)

L€ (ab)

K@
B anb Z ala+by)’

(ab) £€(ab)

3ﬁ 1
GQI:_ZCM’ Z %G—Fbg

Le(ab)

(1)
_anb > ([ib)(logdegﬁ

Le(ab)

—anb S AR (0g2 )

2 )2
cetat) a? (a+by)

5-FNNLL(>\) X

(C.40)

(C.41)

(C.42a)

(C.42b)

(C.42c¢)

(C.42d)

(C.42¢)

(C.42f)
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H12 = O, (C43a)
(0)
27,
Hi = — 4
11 %: CER (C.43b)
Hyp=0, (C.43¢)
Hy3 =0, (C.43d)
A
HQQ = — Z4Wﬁ0m y (0436)
l
(1)
_ 27,
Ho = o by (C.43f)

C.4 Correlated two-parton emission

In the interest of completeness we reproduce Appendix. A of Ref. [61], the definition of
the double-soft block and the decomposition of the two-particle phase space into that of
a pseudo-parent and internal variables.

We start by decomposing the momenta of the two partons k, and k; as in Eq. (4.25).

We then introduce relative variables to parameterise the two-parton phase space, as follows

20 =220 zl(f) =(1—-2)29,

- - C.44
o kta - ktb ( )
da ) db = )
z 1—-2=z
in terms of which the Lorentz invariant phase-space in 4 — 2¢ dimensions becomes
1 dz(@) d2726q d2726qb
dky)[dky) = —— —-dz[z(1 — 2)] 7% > : 4
[ ][ b] (47‘(‘)2 20 Z[Z( Z)] (271')2_26 (27_‘_)2_26 (C 5)
Another useful change of variables is
ky = Kia + Kip 7= qa— G, (C.46)
in terms of which the phase-space becomes
1 dz(ﬁ) dZ—Qek,t d2—25q dZ[Z(l _ Z)]l—Qs d2—26q
dkg)[dky) = dz[z(1—2)]' "% ——- = [dk
Akalldhe] = Ty o (e 20 2 e = K 4r (2m)22
(C.47)

where we have been able to factor out the phase space [dk] defined in Eq. (4.37). Last, we

can isolate the integration over ¢, the angle between Et and ¢, and introduce

m? = (ko + kp)? = 2(1 — 2)¢°, (C.48)
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to obtain yet another expression for the two-body phase space

dz[z(1 — 2)]7¢ dm? dQo_ o
@ )

[dka][dky] = [dE] (C.49)

The factor d2s_o, is the azimuthal phase space for the vector ¢ with respect to Et. Expli-
citly, this is given by
(47)° © 2 N\—
dQs 9 = —————d¢(sin €. C.50
2—2e¢ \/7—1_1_‘(% —6) (b( (b) ( )
where the relative angle ¢ in the range 0 < ¢ < 7.
— 2
In terms of these variables, the correlated matrix element | M, o(kq, kp)| is given by
— 2
|

) 8
(Mo(kay k)|~ = (dmaspis)? m2(

mCab(ka, ky) , (C.51)
where pp is the renormalisation scale, Cy is the colour factor associated with the emitting
leg, and

Cab(k)a, kb) = CA(2S + Hg) + 2TRnF7-[q . (052)

The contribution due to two final-state quarks in Eq. (C.52) has been multiplied by two,
to compensate for the overall 1/2! factor. The three functions S, H, and H, are the 4 —2¢
dimensional counterparts of the homonymous terms defined in Ref. [82]. They depend
only on the dimensionless variables z, ¢ and u? = m?/k?. It is also useful to introduce

the rescaled momenta @; = §;/k;, such that

1-— 1-—
uZ:1+2\/72,ucos¢+ zu2, ui =1-2 L/LCOSQZ)‘FL,U?. (C.53)
z z 1-=2 1—2

In terms of these variables, we have

25:2(11_Z) [1_(1;;)“2/Z+1_2“1/5(1_Z)] (C.54a)
+ 2(11_@ [1 _1=d ;gz)“%} + i [1 1 z“i/%(l - z)} (C.54b)

Note that, in the limit x? — 0, we recover the azimuthally unaveraged splitting functions,

in particular

28 +Hy — 2 [ —242(1 —€)z(1 — 2) cos? ¢| , (C.55a)

2(1—2)
H, — 1 —42(1 — 2)cos? . (C.55b)
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C.5 Three-parton kinematics

We consider three momenta pi, pa, p3, with p1 +p2+p3 = ¢ = (Q,0,0,0). Using a flavour-
based labelling, p; is a quark, ps an antiquark and p3 a gluon. We define the dimensionless

variables x; = 2(p; - q)/Q? < 1, satisfying x1 + x2 4+ 23 = 2. In terms of these variables,
E = Q AUp: - p:) = (1 . 1)O? C.56
z—nga (pz'p])—(xz+$]_ )Q~ . ( . )
This makes it possible to write the angles between pairs of momenta in terms of the z;’s.

The three-parton cross section, differential in x1 and x2, in four dimensions reads

do o 23 + 23

- "OCF%Q—:Q)Q—@) ’

dz1di (C.57)

with o¢ the Born cross section for producing a quark-antiquark pair in e*e™ annihilation.
To obtain the Born three-jet cross section og(ycyt) with the Durham algorithm [33] we
need to integrate the differential cross section in Eq. (C.57) with the constraint y3(p1, p2, p3) =

min{yi2, Y13, Y23} > Yeut, Where y;; is the “distance” between pairs of partons defined by

min{E?, E?} [z oz
Yij EQTJ(l—COSGZ’j) :mm{,]}(mi+x]~—1). (C.58)

T T

The Durham algorithm defines a six-sided region in the (z1, z2) plane, as shown in Fig. C.1.

1 T T T T
0.8 - ]
0.6 ]

<!
04 -
0.2 .
F T you=0.1 1
£27007 you=0.05
Yout=0.025

0 L L I I

0 0.2 0.4 0.6 0.8 1

Figure C.1: Durham algorithm three jet region
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The corresponding Born cross section Ug_([)) is

x2 —|—$ .
agi)—UOCF/ dml/ dzo = xll 12952) O(z1 + 22—1) © (min{y12, Y13, Y23} —Yeut) -

(C.59)
This cross section can be computed analytically. Its expression, not particularly illumin-

ating, can be found in [185].

C.6 Full matching formulae

In our matching formulae E%at'(v) we normalise all of the distributions to the total cross
section og. However this is not what is provided by NLOjet++, instead it provides the
un-normalised differential distribution for the D-parameter. We can transform the output
of NLOjet++ into our conventions as follows. First we compute the un-normalised, barred,

total cross section

s Umax dz(i) . (U’)
21(\I)L0Jet == / dvliNL(?;, —, (C.60)

where i refers to the power of a in perturbation theory. To transform this result into our

conventions we perform the following manipulations

N (C.61)
< (2) N P (O T
Yro.(v) = (0) O Xpo.(v)
oy H

= (C.62)

H

1 Mw
M
.ﬁ,-\

and analogously for the expansion of the resummation

Sp. (V Z zExp (C.63)
Finally we can present the explicit form of our matched distribution in eq. (5.31)

Entar. (v) = (Ses.(v)7 |14+ SR (v) = 224, (0)+

= Z+1
+23.0) - 252, 0 - 25, 0 (38 0 - T35, )] -
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Appendix D

MCFM-RE

D.1 Collection of relevant formulae

In this appendix we report the explicit expressions that we have implemented in MCFM to
achieve NLL and NNLL resummation of the cross section for the production of a colour
singlet with a jet-veto. This discussion is of a technical nature, and we assume that the
reader is familiar with the details of the jet-veto resummations performed in refs. [92, 93,
140].

In general, we consider the production of a colour singlet of invariant mass M, for
instance a Higgs, a Z boson, or a pair of W bosons. At Born-level, this proceeds via either
q@ annihilation or gluon fusion. We then compute the cross section doy s /(dM?2d®,,), with
i.s. = qq, gg, fully differential in the phase space of the decay products of the colour singlet.
Given their momenta q1, ga, . . . , gn, and incoming momenta p; and ps, the phase space d®,,

is defined as

d*q; 4 -
do,, = H W(zﬂ') o <p1 +p2 — ;%) ) (Dl)

i=1
with F; and ¢; the energy and three-momentum of particle g;.

Any prediction for doj g /(dM 2d<I>n) depends on the renormalisation scale pur at which
we evaluate the strong coupling «g, as well as the factorisation scale pp at which we
evaluate the PDFs. Both scales are typically set at values of order M. Furthermore, in the
presence of a jet-veto, da(i_s.)/(dMqu)n) is affected by large logarithms L = log(M /ps veto),
with piveto the maximum allowed transverse momentum of the observed jets. When

resumming such logarithms at all orders, our predictions become functions of L, defined

E:llog<< e >p+1> : (D.2)
b Dt,veto

as
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The quantity L is such that for large Dt vetos L — 0, which implements the fact that,
in this regime, there are no large logarithms to be resummed. Also, at small pt veto,
L~ log(Q/pt,veto), so in fact we resum logarithms of the ratio of py veto and the so-called
resummation scale . The three scales ug, iur, @ are handles that we will use to estimate
theoretical uncertainties, as explained in app. D.1.3. The power p determines how fast the

resummation switches off at large pt veto. We choose p = 5, as in refs. [92, 93, 140].

D.1.1 NLL resummation

At NLL accuracy, the distribution doy s, /(dM?2d®,,) is given by

o™ _ 0 (F, M) ebon@lrm@l) o o (up). (D.3)
dM2dd, s A ’
Explicit expressions for the functions g1, g2 can be found in the supplemental material of

ref. [93]. The NLL “luminosity” Ei(g?(L, M) is given by

El(g) (L,M) = Z/dwldwg ‘Mi(;'s')r S(x1z9s — M) f; (:Ul,,upe_L) i (mg,upe_L) :
v (D.4)
In the above expression, Mi(;'s') is the Born-level amplitude for the production of the colour
singlet via annihilation of the two partons ¢ and j, and f; ; is the density of parton i, j in
the proton.
Given any Born-level event generator, the recipe to implement the NLL resummation

of eq. (D.3) is straightforward:

1. change the factorisation scale pr provided by the generator to ppe™";

2. multiply the weight of every event by a factor exp [I:gl (osL) + g2 (asi)] .

Note that, if pgveto is fixed, and we do not integrate over different values of M 2 both
operations can be performed without touching the Born-level generator code. In fact,
many programs allow a change in the factorisation scale by a constant factor. Also, the
rescaling of the weight can be performed by the analysis routines that produce histograms
for physical distributions. In our implementation, since we do want to integrate over M?,
we have implemented the change in factorisation scale inside the MCFM code.

Another advantage we have in using MCFM is that it gives us access to the matrix
elements in a form that is human readable. This is particularly useful in case one wishes
to separate contributions from different parts of the matrix element, for instance a possible
BSM contribution from that of the SM background. We consider here the case of WW

production via gluon fusion, but the argument applies to other processes as well. There,
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the Born-level matrix element has the form M (99) = Méﬁ’) + M](B%gl\)/[, where Méi/[g) is the
SM amplitude, and M](ggsgl\)/[ a BSM contribution. For each phase space point, we can then
isolate individual contributions to the luminosity by computing separately each term in
the square

M2 = |MED 2 + (MY + 2Re [MED (MEL)] - (D:5)

In the specific case, given the expression of M (99) in eq. (6.35), we compute the luminosity

Eég) (L, M) as follows

LOL, M) = k2 L)L, M) + 12 L9(L, M) + kyreg LI (L, M)+

+ i L899 (L, M) + kg LY9(L, M) + L (L, M), (D.6)
where we have used the notation
A 2
E!(]’;) (L, M) = /dxldxg ‘Mi(gg)‘ d(zr1298 — MQ)fg (:El,,upe_L) fq (xg,,upe_L) , (D.7)

with i = t, g, ¢, and

LU (L, M) = / daryday 2Re [M}gg) (M}gg))*] §(z1225 — M?)x
X fq (531»,UF€_L) fq (xQ,MFe_L) , (D.8)

with ij = tg, tc, gc. Using these luminosities we can interpret Eé%) as a polynomial in the

various k;, and compute each coefficient separately. All one has to do then is to reweight
each phase-space point using the Sudakov exponent exp [f)gl(asi) + g0 (asﬂ)] In doing
so, we have used the fact that the Sudakov exponent depends only on the colour and
kinematics of the incoming partons, and therefore is the same for every single contribution

to the luminosity.

D.1.2 NNLL resummation

At NNLL accuracy, the cross section doy /(dM?2d®,,) with a jet veto is given by

NNLL
do;

EMQ%V@O) _ (ggg? (L, M)+ (L, M)) X

Qs

% (14 Fuust (R) + Feomel(R)) X eilgl(asi)+92(asi)+793(asi)7 (D.9)

where the function g3 can be found in ref. [93]. The functions Fepust(R), Feorrel(R) de-
pend on the jet radius R. Their expressions can be found in ref. [92]. As for the NLL

resummation, as = as(ur). The remaining new ingredient for NNLL resummation is the
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luminosity L'i(.ls?(L, M), defined as

L)L, M) = Z/dfldﬂfszi(;’S')|25($1$2S - Mz)%i [’Hf?fz (z1, pre™) fi(we, pre ")

e 2 ([ Ee @R (e )fj(rra,weL>+{<x1,z‘>mx2,j>})],

(D.10)
with Sy = (11C4 — 4Tgrnr)/(127). Using the conventions of ref. [93], we have
3 M? M?
’H,%) = HY — 205 ( + log 02 ) log@,
(D.11)

Q? Q?
with H() the finite part of one-loop virtual corrections to the process in question, e.g. WW

production through ¢¢ annihilation. The coeflicients C’Z-(jl)

2 M2
HY = D 20, (27rﬁo + log ) log —

depend on whether incoming
partons i and j are quarks/antiquarks (¢q) or gluons (g), and are given by:

2 2 2
Ciy(2) = Cr [(1—z)—7£25(1—z)+<11+2 ) log & } ,
+

— /~LF

2
C(l)( ) = 3 [22(1 —2)+ (1 —22(1 —2))log /?2} ,

F
C’é(l])(z) =Cp [Z + <1+(1_Z>2> log /?22} ,

z

cgy(z):cA[<2w50—71r;)5(1—z)+2<( : +1_z+z(1—z)>1ogfﬂ.

(D.12)
(0)

As explained in the previous section, the NLL luminosity £;. can be obtained from a
Born-level event generator. The function El(ls) represents a correction to El(? of relative
order ag. Therefore, its implementation requires at least a NLO generator. Any NLO event
generator includes the calculation of virtual corrections, as well as integrated counterterms.
This contribution, which we denote by dai('lsiv 1o/ (d®,dM?), has the same form as the
luminosity El(ls) , but with PDFs evaluated at a different factorisation scale, and different
functions replacing ”Hl(ls) and ijl)(z). Its expression in general depends on the way each
process is implemented in the NLO event generator. For instance, the implementation

of WW production in the NLO program MCFM follows from the general coding of the

production of a colour singlet, whose details can be found in ref. [186]. Schematically,

Aol e
(dq) d]\25> Z/dxld@'M | 5(961”325_]\/[2) o {Hr%)mls filxy, pr) fi(a, pr)
" MCFM 2,]

- Z (/ MCFMzk( )fk< aMF) fi(xa, pr) + {(x1,4) < (m,j)})] . (D.13)
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After direct inspection of the MCFM code, we realised that the term HI‘(IIIC)FM,i.s. does not
contain just the finite part of the virtual corrections H(!), but also the terms — (72 /12) §(1—

z) in the coefficients Cé;) (z) and C’é?(z), as well as terms containing log(M 2/ u%). Keeping
(1)

this in mind, to compute the luminosity £; ;| through MCFM, we had to perform the following

changes to the MCFM code:

1. replace Hl\(qlc)FM,i.s. as follows

(1)

1
7'[MCFM,qq - Hr('IC)FM,qq +2CF < + 9 log =5 + 5 log —- —log” —

@ 3. Q* 1. M? 2M2>

12 2 2
o @ 2 i 02 1 MRM2 ¢ e (D.14)
H —H +2Cy <+27r5010g+10g—10g2> ;
MCFM,gg MCFM,gg 12 M%% 9 ,U,%% Q2
2. modify the integrated counterterms as follows
1 1 1
Clomij(?) = ————=CD(2); (D.15)

1—2as80L ¥

3. change the factorisation scale in all PDFs from pp to ppe™ .

Last, to implement the full NNLL resummation, we just rescale the weight of each event

by the factor

(14 Fetust (R) + Feomel(R)) ebor(@slitox(as D+ gs(asl) (D.16)

D.1.3 Matching to fixed order and theoretical uncertainties

Our MCFM implementation includes the matching of resummed predictions with NLO cal-
culations. In particular, we have implemented the relevant contributions to the two mul-
tiplicative matching schemes introduced in refs. [93, 140]. At NLO, the total cross section
onpo for the production of a colour singlet, satisfying a set of kinematical cuts for its
decay products, is given by

onro = ol + oD (D.17)

with ¢(© its Born-level contribution, and ¢(!) a correction of relative order as. Similarly,

at NLO, the corresponding cross section with a jet-veto Xnr,o (Pt veto) iS given by

2NLO(pt,veto) = U(O) + E(1)(]7t,veto) . (D18)

For computational convenience, it is customary to introduce

2(1) (pt,veto) = 2(1) (pt,veto) - U(l) ) (Dlg)
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which implies ¥n1,0 (Pt veto) = ONLO + 2(1)(pt,veto)- We also denote by Xywpr, (Pt veto)
the resummed jet-veto cross section at N*LL accuracy, again satisfying the chosen set of
kinematical cuts for the decay products of the considered colour singlet. At this order, it

has the following expansion in powers of as:

YNkLL (pt,veto) =00+ EISQLL (pt,veto) . (D.20)

As in refs. [93, 140], the matching is performed at the level of the jet-veto efficiency
€(Pt,veto), the fraction of events that survives the jet veto. This quantity is matched to

exact NLO, as follows:

by veto [ E(l) veto) T 2(1) veto |

€Dy vere) = NLLPuseto) | B (Proveto) = Eviyy (Prveto) | (D.21a)
ONLO i oy (1 + 6[‘NkLL(pt,VetO)) |
M (1 1) T

€ (e veto) = Inr (Prveto) 1+ 20 (piveto) = Ty, (Prveto) (D.21b)
7 o0 i 00 (1 + 0LykLL (Pt veto)) |

At NLL accuracy, 6Lnrr, = 0. At NNLL accuracy, if we define <£(0)> and <£(1)> as the in-
tegral of the luminosities £(®) and £(Y) in egs. (D.4) and (D.10) respectively over the appro-
priate configurations of the decay products of the colour singlet, we have § Ly 1, (Pt veto) =
<£(1)> / <£(0)>. Both matched efficiencies reduce to Xy r, (Pt veto)/oNLO fOr P veto <K M,

up to N3LL corrections. On the other hand, for Dt,veto ~ M, we have

ZNLO (pt,veto) E(b) (pt . ) ~1_ Z(l) (pt,veto)
,veto) = .

, (D.22)
ONLO g0

e(a) (pt,veto) =~

Note also that, for p; veto — 00, both efficiencies tend to one, as is physically sensible.

In order to estimate the theoretical uncertainties on jet-veto cross sections, we adapt
the jet-veto efficiency method of ref. [140] to the present situation. First, our “central”
prediction is e(a)(pt,veto) with up = prp = Q = Qo, with Qo = M/2. Then, we vary

renormalisation and factorisation scale for €@ (Pt.veto) in the range

HRF

Qo

Then, we vary the resummation scale Q for €(® (p; yeto) in the range 2/3 < Q/Qo < 3/2,

HER
HE

<

<2, <P <9, (D.23)

N =
N

with up = pur = Qp. In practice, we do not vary the scales continuously, but we consider
only pupr = {1/2,1,2}Qo and Q = {2/3,1,3/2}Qo. Our uncertainty band is the envelope
of the curves obtained by fixing the considered scales at the boundaries of the allowed
range (i.e. 9-point scale variation), plus ) (pt,veto) With all scales set to Q.

We then compute the total cross section onpo by choosing as our central prediction

the one with both renormalisation and factorisation scales set at ()g. We then perform
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renormalisation and factorisation scale variations in the range (D.23), and constructing an
uncertainty band as for the efficiency, i.e. using the values of the scales at the boundaries
of the allowed region (7-point scale variation).

Last, the central value for the jet-veto cross section is defined as the product of the
central prediction for onr,o and €@ (Pt,veto), and the corresponding uncertainty band is
obtained by adding the uncertainties of the total cross section and the efficiency in quad-
rature.

If the total cross section is only available at leading-order, we perform the resumma-
tion at NLL accuracy. Since we cannot normalise resummed cross sections using onro,
(@) (Pt,veto) = e® (Pt,veto). Once we have the efficiency, we evaluate theoretical uncertain-

ties by adding in quadrature the uncertainties on o1, and the jet-veto efficiency.

D.2 Numerical implementation in MCFM

In this section we give the details of the implementation of the resummation of jet-veto
effects for colour singlets in MCFM. We assume that the reader can successfully compile and
run the MCFM code, in all its operation modes. If not, the interested reader should consult

the MCFM manual [134].

D.2.1 Overview

MCFM-RE (an acronym for Resummation Edition) is a modification of MCFM-8.0 to include
the resummation of jet-veto effects in colour-singlet processes up to NNLL+LLg accuracy.
The modifications are modular, as most of the resummation effects are included through
an interface to the code JetVHeto [130], suitably modified to become a library linkable to
MCFM. Although a small number of modifications require us to directly change the MCFM
code, these do not interfere with its usual modes of operation. The program is available
at [133]. Included in the package are a README file and an example input card.

To run MCFM-RE, one must simply provide a suitably modified MCFM input card. We list
here the new parameters we have added or changes made to existing parameters, described

with the same conventions and terminology as the MCFM manual.

e file version number. This should match the version number that is printed when

mcfm is executed.

{blank line}

[Flags to specify the mode in which MCFM is run]
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e part
— 11. Jet-veto resummation at LL accuracy, i.e. each event produced by MCFM is
reweighted with exp [f}gl (asf,)} .
— nll. Jet-veto resummation at NLL accuracy, see eq. (D.3).

— nnll. Jet-veto resummation at NNLL accuracy, with or without the inclusion

of small jet radius resummation (LLg), see eq. (D.9).
— 1umiO. Calculation of the luminosity £ in eq. (D.4)
— 1lumil. Calculation of the luminosity £() in eq. (D.10)
— nllexpl. Expansion of the NLL resummation at order a; (for matching).

— nnllexpl. Expansion of the NNLL resummation at order a, (for matching).

{blank line}

[JetVHeto resummation options]

e observable.

— ptj. The default mode of the resummation, resum logarithms of the jet-veto.

— ptj+small-r. Available for NNLL resummations only. Include the effect of

resumming the jet radius at leading logarithmic accuracy.

e Qscale. This parameter may be used to adjust the value of the resummation scale
@ introduced in eq. (D.2). It behaves in the same way as the MCFM parameters
scale and facscale do, i.e. if dynamicscale is .false., () is set to Qscale, oth-
eerwise () = Qscale X ug, with po the dynamic scale specified by the parameter

dynamicscale.

e Rscale. This parameter may be used to adjust the value of the jet-radius resumma-

tion scale.

e ptjveto. The value of the jet-veto cut p veto in units of GeV.

{blank line}

[Coupling rescaling in the kappa formalism]

o kappa_t. The parameter x; of the Lagrangian in eq. (6.23), a.k.a the anomalous top

Yukawa coupling.
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e kappa_b. Anomalous bottom Yukawa coupling.
« kappa_g. The parameter x4 of the Lagrangian in eq. (6.23).

e interference only. Flag to control whether to compute just the interference terms,
e.g. the coefficient of Kk, arising from squaring the amplitude in eq. (6.35). All

other coefficients can be determined by setting a single x;,7 = ¢, g, b to zero.

Normally, MCFM identifies whether a process is qg- or gg-initiated, and running MCFM-RE in
resummation mode does not lead to any problems. However, in cases like process 61, in fact
WW production, MCFM includes in the NLO correction to a gg-initiated process formally
higher-order gg-initiated contribution. As a consequence, not specifying the colour of the
initial state leads to an ambiguity that is impossible to resolve. To avoid such problems,
we have decided that, when running MCFM-RE in any resummation mode for ambiguous
processes, the user must impose that a process is either qg- or gg-initiated, by making use
of the MCFM flags omitgg and ggonly. Failure of doing so will result in MCFM-RE stopping

and returning an error message.

D.2.2 Details of MCFM implementation

We modify MCFM version 8.0 to include the resummation of jet-veto effects. To this end
) @)

there are two pieces that we must include, the computation of the luminosities £; ', £; [,

and the Sudakov form factor combined with the functions Fejyst, Feorrel- Lhe computation
of the luminosities requires structural changes to MCFM whereas we are able to include the
Sudakov form factor through an interface in src/User/usercode.f90.

The inclusion of the Sudakov form factor is the simplest change. The reweighting is

included through the subroutine userplotter,

interface
function sudakov(proc, M, muR, muF, Q, as, p, jet_radius, &

&observable, small_r, small_r_RO, ptj_veto, order)

end function

end interface

The user should not normally make changes to this function. The reweighting is applied
to all histograms, including the default MCFM ones, as wt and wt2 are intent (inout), so

our reweighting is applied globally. The cost of doing the reweighting here is that the
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cross section returned by the main MCFM program is wrong, or rather it includes only the
contribution of the luminosities and not the Sudakov exponent. To that end we include
the extra histogram xsec, a single-bin histogram to record the correct total cross section
for runs with the jet-veto.

To include the luminosities we have to modify the factorisation scales of the PDFs. In-
stead of adding lots of switches to the default MCFM integration routines, we create our own
special routines resmNLL.f (based on lowint.f) and resmNNLL.f (based on virtint.f),
which we include in the src/Procdep directory along with the other default integration
routines. The changes made in resmNLL.f are modest with respect to lowint.f, schem-

atically

function resmNLL(r,wgt)

use rad_tools, only: Ltilde
implicit nome

include “types.f'

real(dp):: resmNLLint

! resummation

include "jetvheto.f'
real(dp) :: facscaleLtilde
real(dp) :: L_tilde_arr(1)

L_tilde_arr = Ltilde((/ptj_veto/q_scale/), p_pow)
L_tilde = L_tilde_arr(1)
if (do_lumi) then
facscaleLtilde = facscalexexp(-L_tilde)
else
facscaleltilde = facscale

end if

call fdist(ihl,xx(1),facscalelLtilde,fx1)

call fdist(ih2,xx(2),facscaleLtilde,fx2)
end

At the beginning of each event we determine L, and the modified facscale which we call
facscaleLtilde. We then use this scale in the computation of the PDFs. The simplicity
here is that at NLL accuracy all we need to do is change the factorisation scale and

reweight, so these changes are very modest.

To perform the same calculation at NNLL is much more involved, since there are three
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separate actions that must be performed to compute the luminosity. First, we need to cast
the virtual matrix element into the correct form for the resummation. We do this with
a utility function in the file src/Procdep/virtfin.f, which performs the replacement

detailed in eq. (D.14). This is carried out by the subroutine

subroutine virtfin(p,msq,msqv)

real(dp) :: p(mxpart, 4)

real(dp) :: msq(-nf:nf,-nf:nf), msqu(-nf:nf,-nf:nf)

end subroutine virtfin
where one must provide the array of momenta p (mxpart,4), the tree level matrix element
squared msq(-nf:nf) and the matrix element of the virtual corrections msqv(-nf :nf)
(using the conventions of MCFM).

The second contribution to the luminosities comes from the convolution of the coeffi-
cient functions. To include this coefficient function we modify the integrated dipole func-
tions located inside src/Need/dipoles.f, adding switches to choose between the different
types of “dipoles” that we have added as well as the default MCFM subtraction dipole.

The third and final piece is performed in the new integration routine src/Procdep/resmNNLL. f.
This calls the previous two routines, and then performs the convolutions of all coefficient

functions with the PDFs.

function resmNNLL(r,wgt)
use rad_tools, only: Ltilde
implicit nome

include “types.f'

real(dp):: resmNNLLint

! resummation

include " jetvheto.f'
real(dp) :: facscaleLtilde
real(dp) :: L_tilde_arr(1)

L_tilde_arr = Ltilde((/ptj_veto/q_scale/), p_pow)
L_tilde = L_tilde_arr(1)

if (do_lumi) then

facscaleLtilde = facscalexexp(-L_tilde)
else
facscalelLtilde = facscale

end if

!l Move contribution of collinear counterterm into the ~“dipoles''

! AP(q,q,1)=+ason2pi*Cf*1.5_dp*epcorr
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! AP(q,q,2)=+ason2pi*Cf*(-1._dp-z)*epcorr
! AP(q,q,3)=+ason2pi*Cf*2._dp/omz*epcorr

'l all AP terms are removed, those displayed here are just schematic

! extract the finite part of the virtual and modify for resummation
! must come before subtraction to get coefficient correct in checks

call virtfin(p, msq, msqv)

call fdist(ihl,xx(1),facscalelLtilde,fx1)
call fdist(ih2,xx(2),facscalelLtilde,fx2)
call fdist(ihl,xlonz,facscalelLtilde,fx1z)

call fdist(ih2,x2onz,facscalelLtilde,fx2z)

end

In addition, we can perform the matching with fixed-order using the same method we
have used in computing the resummation. We modify the dipoles, this time to include
the terms from the expansion of the resummation. With these one can then compute the

matched distribution up to NNLL+NLO accuracy.
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