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Abstract

With the discovery of the Higgs boson, a central objective of the LHC Higgs program is to
study its properties in detail by exploring different production and decay channels. This
requires precise theoretical predictions of inclusive cross sections as well as differential and
exclusive cross sections. In this thesis, we study perturbative uncertainties in the fixed-
order (FO) predictions of exclusive jet cross sections and obtain resummed predictions for a
new class of rapidity-dependent jet veto observables, focusing on Higgs production via gluon
gluon fusion (ggF) at the LHC. Experimental analyses at the LHC often use jet binning
and jet selection cuts to distinguish between different Higgs production mechanisms and
to separate signal from backgrounds. Such jet vetoes and jet selection cuts induce Sudakov
logarithms of the ratio of the veto scale and the hard scale in the process. In the limit of
very tight jet vetoes, these logarithms can become large and introduce large uncertainties
in the FO predictions of cross sections. By resumming these large logarithms to all orders,
the perturbative uncertainties can be considerably reduced. Whether in FO or resummed
predictions, a consistent treatment of uncertainties in different jet bins is required. In the
first part of the thesis, we studied in detail the perturbative uncertainties in the NLO
predictions for pp — H+2-jets via ggF for the vector boson fusion (VBF) selection cuts
used by ATLAS and CMS in their H — ~7 analyses. Our study shows that, while applying
strong restrictions on additional emissions is expected to increase the sensitivity to the VBF
signal and reduce the ggF contribution, it is not necessarily beneficial for distinguishing the
VBF and ggF production modes because of the quickly increasing ggF uncertainties. In the
second part of the thesis, we introduce rapidity-dependent jet veto observables for which
the transverse momentum of a jet is weighted by a smooth function of the jet rapidity.
These jet-based observables provide natural and clean ways to veto central jets and can
yield valuable complementary information in the exclusive jet bins. Using Soft Collinear
Effective Theory (SCET), we study the factorization and resummation properties of these
rapidity-dependent observables and obtain predictions for the resummed H+0-jet cross
section at NLL/ with a veto on these observables. Because the experimentally relevant
region is an intermediate one, where both the resummed and the FO contributions are
important, we calculate the FO corrections at NLO and combine them with our resummed
predictions to obtain the full NLL'+NLO result for the H+0-jet cross section. We compare
our numerical predictions with the differential cross section measurement by ATLAS in the
H — ~v channel and find good agreement. At O(a?2), these jet-based observables have
a non trivial dependence on the jet-algorithm due to clustering effects. In the final part,
we consider the corrections due to clustering of two collinear or soft particles into a single
jet which are an important input for predicting the cross section at NNLL/+NNLO. These

corrections are numerically significant for the jet radii currently used in experiments.
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Zusammenfassung

Nach der Entdeckung des Higgs-Bosons liegt das Hauptaugenmerk des LHC Higgs Pro-
gramms auf der exakten Vermessung seiner Eigenschaften durch Untersuchung der ver-
schiedenen Produktions- und Zerfallskandle. Dies verlangt prézise theoretische Vorher-
sagen von inklusiven als auch differentiellen und exklusiven Wirkungsquerschnitten (WQ).
In dieser Arbeit untersuchen wir stérungstheoretische (ST) Unsicherheiten in den Vorher-
sagen von exklusiven Jet-WQ in fester Ordnung der ST Reihe (FO). Wir erhalten resum-
mierte Vorhersagen fiir eine neue Klasse von Rapiditidts-abhéngigen Jet-Veto Observablen,
wobei unser Fokus auf Higgsproduktion durch Gluonfusion (ggF) am LHC liegt. Experi-
mentelle Analysen beruhen héufig auf Jet-Binning in Kombination mit gewissen kinema-
tischen Schnitten, um die verschiedenen Produktionsmechanismen zu unterscheiden und
das Signal vom Untergrund zu separieren. Solche Jet-Vetoes und Jet-Selektionsschnitte
generieren Sudakov-Logarithmen abhéngig vom Verhéltnis der Skala des Jet-Vetoes zur
harten Skala des Prozesses. Im Grenzfall sehr kleiner Jet-Vetoes werden diese Logarith-
men sehr groft und bedingen grofte Unsicherheiten in der FO Vorhersage der WQ. Durch
Resummierung dieser grofen Logarithmen zu allen Ordnungen der ST Reihe werden die
Unsicherheiten deutlich reduziert. Eine konsistente Behandlung der Unsicherheiten in den
unterschiedlichen Jet-Bins ist unabdingbar, sowohl fiir FO wie auch resummierte Vorher-
sagen. Im ersten Teil dieser Arbeit untersuchen wir im Detail die ST Unsicherheiten in
der Vorhersage von pp — H+2-Jets durch ggF in néchstfithrender Ordnung (NLO) ST bei
Anwendung von Auswahlschnitten fiir Vektorbosonfusion (VBF), wie sie von ATLAS und
CMS in ihren H — 77 Analysen zum Einsatz kommen. Wahrend starke Einschrénkungen
auf die Emission weiterer Teilchen die Sensitivitédt auf das VBF Signal erh6hen und auf den
ggF Anteil reduzieren sollten, zeigt unsere Studie, dass ebensolche Einschréankungen nicht
zwangslaufig vorteilhaft fiir die Unterscheidung der VBF und ggF Produktionsmechanis-
men sind, eben gerade aufgrund der stark ansteigenden ggF Unsicherheiten. Im zweiten
Teil der Arbeit fliihren wir Rapiditdts-abhéngige Jet-Veto Observablen ein, fiir die der
Transversalimpuls eines Jet mit einer glatten Funktion der Jet-Rapiditdt gewichtet wird.
Diese Jet-basierten Observablen erlauben zentrale Jets zu verbieten und bieten dennoch
komplementére Informationen in den exklusiven Jet-Bins. Mit der Hilfe von "Soft Collinear
Effective Theory" (SCET) untersuchen wir die Faktorisierungs- und Resummierungseigen-
schaften dieser Rapiditats-abhéngigen Observablen und erhalten so Vorhersagen fiir den
resummierten H + 0-Jet WQ in Ordnung NLL’ bei entsprechendem Veto auf diese Observ-
ablen kombiniert mit dem FO WQ auf NLO. Wir vergleichen unsere numerische Vorher-
sage mit den Messungen des differentiellen WQ von ATLAS im H — v Kanal und finden
gute Ubereinstimmung. In O(a?) haben die Jet-basierten Observablen eine nichttriviale
Abhéngigkeit vom Jet-Algorithmus aufgrund von “Clustering”. Zuletzt betrachten wir Kor-
rekturen aufgrund des “Clustering” von zwei kollinearen oder weichen Teilchen in einen Jet,
die einen wichtigen Beitrag zur Vorhersage von WQ in der Ordnung NNLL/+NNLO liefern

und numerisch von Relevanz fiir die experimentell genutzten Jet-Radien sind.
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Chapter 1

Introduction

The observation of a Higgs-like boson at the LHC is a huge success of science and in
particular of the Standard Model (SM) of particle physics — a theory used to understand
matter and forces in the universe and which predicted the existence of the Higgs boson. The
insight into the basic structure of matter reveals that everything in the universe is made up
of a few building blocks called the fundamental particles and is governed by four basic forces
— strong, electromagnetic, weak and gravitational. The SM provides a successful theory of
the strong, the electromagnetic and the weak interactions. Electromagnetic interactions
are mediated by photons, the strong interactions by massless spin-1 gluons (discovered at
DESY in 1979) and the weak interactions by spin-1 W, W~ and Z bosons (discovered at
CERN in 1983).

The formulation of the SM is based on Quantum Field Theory (QFT) which is a math-
ematical and conceptual framework describing the creation and destruction of particles
and their interactions. In a rather informal sense, QFT is the extension of quantum me-
chanics (QM), which deals with systems having an infinite number of degrees of freedom.
The motivation behind developing QFT was to put together QM and Special Theory of
Relativity (STR) for the proper quantum treatment of electromagnetic field. There is a
long and impressive history of theoretical and experimental advances in the field of QFT
and particle physics owing to the efforts of many scientists in the 20th century. QFT
was introduced by De Broglie, Heisenberg in 1920s and by Paul Dirac with the theory of
quantum electrodynamics (QED), which is an abelian gauge theory with the symmetry
group U(1). In the 1930s, the basic physical quantities in QED, such as the self-energy
of the electron gave infinite, divergent contributions when computed using perturbative
techniques. This “divergence problem” was solved for QED by Hans Bethe, Tomonaga,
Schwinger, Feynman and Dyson, through the procedure known as renormalization. The

concepts of ‘charge’ and ‘mass’ were understood with the idea that the ‘bare’ masses and
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charges of particles that appear in free field (non-interacting) equations are not experi-
mentally measured quantities and that ‘vacuum’ is populated by creation and annihilation
of virtual particles. The quantities that are measured in experiments are ‘renormalized’
masses and charges. Another important development was due to Feynman, who found a
representative way to study scattering of particles through “diagrams” and set of rules to

compute scattering matrices, amplitudes, decay widths and cross sections.

The theory for the strong interaction, which binds the protons and neutrons inside the nu-
cleus, was formulated as Quantum Chromodynamics (QCD). QCD is a non-abelian gauge
theory based on a local gauge symmetry SU(3). Yang and Mills formulated the first exam-
ple of a non-Abelian gauge theory, called the Yang-Mills theory to provide an explanation
for strong interaction. Following this in the early 1960s, the electromagnetic and weak
interactions were unified into the electroweak interaction in the Glashow-Weinberg-Salam
(GWS) model described by an SU(2) x U(1) group. The GWS model was shown to be
renormalisable by t’ Hooft and Veltman. In 1973, Gross, Wilczek and Politzer showed
that the attraction between quarks grows weaker as the quarks approach one another, and
correspondingly the attraction grows stronger as the quarks are separated. This discovery,
known as “asymptotic freedom” allows us to use perturbaion theory to predict QCD cross

sections at large energies.

In the 1960s, the concept of particles acquiring mass through symmetry breaking in mass-
less theories was put forward by Jeffrey Goldstone, Yoichiro Nambu and Giovanni Jona-
Lasinio. A theory able to finally explain mass generation for particles without breaking
gauge theory was published almost simultaneously by three independent groups in 1964:
by Robert Brout and Francois Englert [1], by Peter Higgs and by Gerald Guralnik [2, 3],
C. R. Hagen, and Tom Kibble [4]. The so-called “Brout-Englert-Higgs (BEH) Mechanism”
explains how massless bosons from the electroweak theory mix to produce three massive
weak bosons, and the massless photon field. The SM is thus a theory which combines the

strong interaction with the unified electroweak interaction through the symmetry group
SU(2) x U(1)x SU(3).

On July 4 2012 [5, 6], scientists at the LHC announced that they had found the Higgs
boson, a particle that is responsible for generation of mass, as proposed in 1964. In this
concept of mass generation, after the Big Bang, an energy field, now dubbed the Higgs
field, emerged that imparts mass to the subatomic particles. Pictorially, particles that
travel through this field slow down more while traversing the field and become heavier.
Because subatomic particles are either matter carriers called fermions or force-carrying
particles called bosons, the existence of the Higgs field implied an associated force-carrying
particle, called the Higgs boson, which is like a ripple in that field. The 2012 discovery at
the LHC left little doubt that the Higgs boson exists, and Higgs and his colleague, Fracois
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Englert, won the Nobel Prize in 2013 for the their theory of electroweak symmetry breaking

or the BEH mechanism.

After 2012, there have been several measurements of the properties of the discovered Higgs
boson, by exploring different production and decay channels as well as new physics searches
at the LHC. The LHC, being a proton-proton collision environment, a good understanding
of QCD is important for achieving the best possible predictions and description of any
events. Every interesting measurement at the LHC requires a certain number of selection
cuts on the QCD radiation (that is jets) to maximize the signal sensitivity, reduce QCD
background and to study specific Higgs production and decay modes. For example, in the
H — WW analyses, with leptonic W decays, experiments distinguish events according
to the number of jets in the final state. In particular, selecting events with zero jets
by imposing a jet veto, which defines what is called the “exclusive” O-jet cross section,
significantly reduces the background. Such restrictions introduce additional theoretical
uncertainties in the cross section predictions that need to be understood. The transverse
momentum threshold for identifying jets, p§' ~ 25 — 30GeV, is substantially smaller
than the hard scale @ of the process. As a result, perturbative calculations of the cross
section with the jet veto involve terms enhanced by up to two powers of log (mp/pi)
(called Sudakov logarithms) for each power of o beyond the leading-order cross section.
When pr is relatively unconstrained and p{™* ~ @, then these logarithms are of order
unity, and fixed-order QCD perturbation theory can be applied to predict the distribution.
However one needs to carefully take into account the uncertainties introduced in the fixed-
order predictions of exclusive cross sections due to such jet vetoes. However for tighter jet
vetoes, when p‘}“t < @, the logarithms overwhelm the a; suppression, and the perturbative
expansion must be resummed to all orders in oy to ensure that the distribution does not
cut

diverge as p7'* — 0. Techniques exist to perform resummation for such exclusive cross
sections in QCD and in effective field theories (EFTs).

Generically in QCD a separation of scales is important for determining what parts of a pro-
cess are perturbative with the strong coupling constant a; < 1 and what parts are nonper-
turbative with as ~ 1. A typical cross section for any process is “factorized” into parton dis-
tribution functions describing the density of partons inside the proton (non-perturbative)
and the hard interaction (perturbative). Any process at the LHC, involves widely separated
energy scales; for example the energy scale of the non-perturbative physics, intermediate
scales like the transverse momentum of jets and the mass of the particles produced like the
Higgs or W/Z bosons. The EFT approach allows us to study the low-energy dynamics,
independently of the details of the high-energy interactions. To build an EFT describing
physics at a given energy scale E, one makes an expansion in powers of F;/Q, where E;
are the various scales involved in the problem which are smaller than the hard scale Q.

To ensure that the physics for the full theory and the effective theory is the same at the
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boundary, there are matching conditions. First the heavy degrees of freedom are identified
and integrated out of the action which results in an effective action that describes non-local
interactions between lighter degrees of freedom. To obtain a local action, the effective ac-
tion is expanded in a set of local operators. In a “top-bottom” approach, one starts with a
full theory at a high energy and large renormalization scale u, and evolves to lower energy
through renormalization group evolution (RGE) which results in a logarithmic dependence
on the ratio of the scales. In this thesis, we will compute cross sections in Soft- Collinear
effective theory (SCET) which is an EFT of QCD that describes the interaction of soft
particles with momentum pg.g such that Q) > pgosr and collinear energetic particles in the
presence of a hard interaction. It provides a systematic way to factorize cross sections of

different processes at the LHC and allows to resum logarithms using RGE.

The success of LHC Run 1 strongly relied upon advanced QCD simulation tools to guide
experimental analyses, calculations in perturbative QCD upto the next-to-next-to-leading
order in different Higgs production and decay channels and sophisticated Monte Carlo
tools. There is, however, still a lot of work to be done in order to confirm that what has
been observed is indeed the SM Higgs boson responsible for the electroweak symmetry
breaking and not a close resemblance. Run 2 of the LHC with higher center-of-mass en-
ergy /s = 13,14 TeV is the beginning of the precision phase which means that a detailed
understanding of experimental and theoretical uncertainties in each of the channels is of
prime importance. This thesis aims at improving the evaluation of perturbative uncertain-
ties in the exclusive jet cross sections at the LHC, introducing more efficient observables
to veto central jets and providing resummed predictions for those jet veto observables in
the framework of SCET [7-10]

Structure of the thesis:

In chapter 2, we will briefly discuss the basics of perturbative QCD which includes the
parton model, running of the strong coupling constant ay, infrared and ultraviolet diver-
gences, DGLAP evolution and the origin and summation of large logarithms for exclusive
jet cross sections. In the second part we will discuss briefly the main features of the Higgs
Mechanism in the SM, the Higgs production and decay modes at the LHC and some recent
results by the ATLAS and CMS experiments. In chapter 3 we will estimate the uncer-
tainties in the exclusive jet cross sections induced by jet selection cuts and nontrivial jet
binning used in experiments. In particular, we will explain in detail and generalize the
so-called “Stewart-Tackmann” method to estimate such fixed-order uncertainties and ob-
tain perturbative uncertainties in the NLO predictions for pp — H +2 jets via gluon gluon
fusion (ggF) with the selection cuts used by ATLAS and CMS experiments in the vector
boson fusion (VBF) analyses. These results have been published in [11]. In Chapter 4 we
will introduce a new class of rapidity dependent jet vetoes and discuss their factorization

and resummation properties in SCET. We will obtain resummed predictions at NLL'+
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NLO order for gluon fusion H + 0-jet cross section with a veto on these observables. For
one of these observables, we also compare our numerical predictions with the recent dif-
ferential cross section measurement by the ATLAS experiment in the H — ~~ channel.
This work is published in [12]. For more than one emissions (i.e. beyond NLL’) such
jet-based observables have a dependence on the jet-algorithm (and the jet radius R) due
to the clustering of two collinear or soft emissions into a single jet and due to soft-collinear
mixing. The corrections due soft-collinear mixing are O(R?) while those due to clustering
of correlated emissions within the collinear or soft sectors give rise to logarithms of R. In
chapter 5, we will consider these clustering logarithms in the beam and soft functions
at O(a?) which are important for R < 1 currently used in experiments. A summary of
the results and future work of implementing the clustering corrections to obtain the full

NNLL'+ NNLO cross section is finally discussed in chapter 6.






Chapter 2

QCD and Higgs Physics

The first part of this chapter is an introduction to perturbative QCD, in particular the
soft and collinear divergences encountered in higher-order calculations, the origin of large
logarithms and the idea of resummation. The second part briefly explains the Higgs Mecha-
nism in the Standard Model, the Higgs production and decay channels and the recent Higgs

measurements at the LHC.

2.1 Introduction

Quantum Chromodynamics (QCD) is the SU(3) gauge field theory that describes the strong

interaction of colored quarks and gluons. The QCD Lagrangian is given by

- 1
L= qu,a(w’@“dab — gs’y”tachg — MgOab)Vqb — ZF;:‘VFAW . (2.1)
q

The 14, are quark field spinors for a quark of flavor ¢ and mass mg,, with a color index
‘a’ that runs from a = 1 to No = 3, i.e. quarks come in 3 colors. Quarks are said to be in
the fundamental representation of the SU(3) color group. The AE correspond to the gluon
fields with C' running from 1 to N2 — 1 = 8, i.e. there are 8 kinds of gluons. Gluons are
in the adjoint representation of the SU(3) color group. The tac;) correspond to eight 3 x 3
matrices and are the generators of the SU(3) group. The quantity g, is the QCD coupling
constant. The field tensor F/ﬁ, is given by

Fi, = 0, AL} — 0, AL — gofapc ABAS | [t4 5] = ifapct©, (2.2)

where fapc are the structure constants of the SU(3) group.
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The fundamental parameters of QCD are the coupling g5 or as = g2/4m and the quark
masses. In perturbative QCD, predictions of observables are expressed in terms of the
renormalized coupling oas(lu%%), a function of a renormalization scale ur. The coupling

satisfies the following renormalization group equation (RGE)

dog
dr

= Blas(1)) = —(boa(7) + b1 (1) + baa (1) + ...), (2.3)

where 7 = log (Q?/p?), bo = (33—2ny)/(127) is the 1-loop beta function coefficient and by,
by are the 2-loop and 3-loop coefficients respectively. At leading order, Eq. (2.3) becomes

QS(QQ) T
/ da; __b / dri (2.4)
as(MQ) (6% 4 0

s

yielding

as(Q2) _ as(ﬂz)

_ ' 2.5
1+ as(42) 22 1og(Q2/ 12) 7

This equation expresses the effective QCD coupling in terms of the experimental observable
as(u?). The renormalization point u is arbitrary. The minus sign in Eq. (2.3) indicates
that the strong coupling is large at small Q2 (that is large distance), where confinement
occurs but decreases to zero at large @2, which is the origin of the asymptotic freedom.
In QED it is easy to define the charge of an electron as it is related to the large distance
behavior of the electric potential. This is not possible in QCD since the Q% — 0 limit of
as(Q?) is not calculable in perturbation theory. So one has to choose an arbitraty point
1 and measure the effective coupling at that point. The conventional choice is to define
the coupling at p? = mQZ. The deep inelastic scattering experiment designed to detect
point-like structure in the nucleon was the first to signal the need for asymptotic freedom,

so we will discuss it shortly next.

2.2 Deep inelastic scattering and the parton model

Quarks and gluons, the fundamental dynamic entities of QCD, are not observed as free
particles but confined inside the hadrons. Since the coupling constant of the strong in-
teraction decreases with increasing energy, perturbative QCD calculations with expansion
parameter a can only provide accurate descriptions of high energy scattering processes but
they cannot explain the properties of low energy bound states i.e parton densities inside
the hadrons. The solution is “factorization” of different energy scales which allows us to
predict cross sections by separating the long-distance physics into functions describing the

distributions of partons in hadrons (with parton distribution functions PDFs) and short
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Figure 2.1: Deep Inelastic Scattering at tree level.

distance behaviour which describes the hard scattering process. Roughly, any cross section
can be expressed as a convolution between the PDFs f and the pertubative hard matrix
element H, that is, 0 = f ® H. Deep inelastic scattering (DIS) was the first experiment

where factorization was studied in detail and proved.

In DIS, a massive hadronic state X is produced by the scattering of a lepton (an electron)
on a nucleon, e(k) + N(p) — e(k’) + Xhadronic- This process is shown in Fig. 2.1. Because
the lepton interacts with the nucleon only through the exchange of a photon, W or Z boson,

the cross section for this process factors into leptonic and hadronic tensors,

BE 1

do =21~
7 2s|k!| ¢*

LM (k, )W (p, q) - (2.6)

where ¢ is the four momentum of the exchanged photon. The leptonic tensor is known
and the hadronic tensor W, can be parameterized after imposing the parity and current

conservation as follows

uq 5 1 1 )
W = —(gw — %)Wﬂw,q ) + (pu + qu %> (pu + %/%) Wa(z,q%). (2.7)
The W’s are functions of Q? = —¢? and the dimensionless ratio,
2 2
r=_2 = @ . (2.8)
2p-q  2p-q

It is convenient to introduce dimensionless structure functions,
Flel y FQE(p-q)WQ. (29)

An important observation first made in the DIS experiments at SLAC was that for Q% >
1GeV?, the structure functions F(z, Q%) become functions of = only, nearly independent

of @Q%. Infact the experiments observed that the structure functions obey the relation
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Fy(z,Q?%) = 20F (7, Q%) known as the Callan-Gross relation. These features in the data
can be explained by assuming that the DIS experiment is dominated by the scattering
of a single virtual photon from point-like spin-half constituents of the proton called the
partons. This is beacuse if electric charges were uniformly distributed within the nucleon
then the wide-angle scattering would be very rare giving rise to structure functions that
decrease rapidly with Q?. The fundamental relation of the parton model for DIS is given
by

1
dopa) = Y /O d¢ dos (6p, @) fiyn(©) (2.10)

where do is the inclusive cross section for nucleon-electron scattering, dopg is the lowest-
order (Born) elastic parton-electron cross section where the parton’s momentum p is given
by a fraction £ of the proton’s momentum, £p with & between zero and one. The func-
tion f;/n are parton distributions which describe the probability of finding a parton (of
flavor ¢) in the hadron N. These parton distribution functions are universal and process-

independent in the sense that they are the same for all inclusive scattering processes.

2.3 ete” — Jets

Higher-order QCD calculations are plagued by infrared (IR) divergences. To study these IR
divergences, we will compute the cross section for an example process of electron positron
annihilation into quark antiquark pair at next-to-leading order (NLO). Such a 1-loop cal-
culation will give us an idea of the origin of IR divergences and Sudakov logarithms in
QCD and will help us build our understanding of higher-order calculations in SCET which

reproduce exactly the same IR divergences as QCD.

This process contains no color charge in the initial state, and it is convenient to visualize this
process as an ee~ annihilating into a virtual photon, which then decays into either a muon
pair or a quark-antiquark pair. According to the Kinoshita, Lee and Nauenberg (KLN)
theorem, at any order in perturbation theory, if we sum over all quark and gluon final states
the resulting cross section should be finite even for massless quarks and gluons. However
the total cross section for the emission of a single real gluon, eTe™ — ¢gg, is infinite.
The divergence in the real emission process comes from the energy of the gluon going to
zero or when the outgoing gluon and quark become parallel, referred to as the (infrared)
soft singgularity and collinear singularity respectively. This divergence is cancelled by the
virtual gluon correction to the quark-vector-boson vertex. The virtual corrections are UV-
finite after renormalization but are IR-divergent. A regularization procedure is required

that will control the IR divergences in the individual real and virtual contributions such
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Figure 2.2: Feynman diagrams for the decay of a virtual photon into a quark-antiquark pair and
a gluon.

that the sum is finite.

The Born cross section for the process ete™ — ¢q is fairly straightforward to compute and

+

is the same as ete™ — pu™p~ with an additional color factor. The two-body differential

decay rate for v* — qq is given by

d>p1 d3po

= @npeE) @npeEy) T T ) .11

The leading order (LO) cross section for v* — ¢q is given by (where for massless particles

Ei\=Ey,=Q/2)
L(y* = qq) = 00 = 3ae;Q, (2.12)

where ¢4 is the charge of the quark.

We will now consider the decay of a virtual photon v* into a quark-antiquark pair and a

real gluon as shown in Fig. 2.2. The 3-body differential decay rate is given by

1

dl’ =
2Ecm

M *dgs, (2.13)

where the three-body phase space factor is

d*py d3pa dps
(27T)32E1 (27‘(’)32E2 (27‘(‘)32E3

dos = (2%)45(q —p1 — P2 —P3). (2.14)

Integrating over the three-momentum of particle 3 using the delta function, the phase space
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factor simplifies to

(2m)t dBpidPps

deps = §(Ey + By + Es — d
9= S@n) BB, (N Tt By = Q) an
d3p1d3p2 2 !
CPIOP2 _ [ o2 p dB EydBs | d 2.1
/ 2F12F5 / Tt /1 i (2.15)

where z = cos 12 is the angle between particle 1 and 2. Further simplification yields

1 Q*dx1dws
dps = —=dE1 dEsdEs0(Fh + Ea+ F3 — Q) = ————— 2.16
b3 TamdErdE dbs (Br1+ By + E3-Q) 16(2m)7 (2.16)
where we define
2F; 1
x; = and p;-pj = ~Q*(1 —ay). (2.17)
Q 2
The differential cross section then becomes
do Q 772
= M|~ 2.18
dl’ldxg 32(27‘1’)3‘ | ( )
The amplitudes for this process from the Feynman diagrams given in Fig. 2.2 are
_ . a Zpa .
AR = u(p2, 52) (—igsyT};) €p <p72> (—ieegy") v(p1, s1)
i
Br = u(p2, s2) (—ieegy") (fé’) (—igsy"T35) €pv(P1, 81) 5 (2.19)
b

where p, = p2 + p and pp = p1 + p. The spin averaged matrix element squared is given by

2, 2
+ z35)

VIP = |Anl? + |Brl? + 2ApBr — 32g222— St )

|M|* = |Ag|” + |Br|”* + 2ARrBr IC T = a) (1 — a)

(2.20)

Combining Eq. (2.20), Eq. (2.18) and using the definition of oy from Eq. (2.12), the differ-

ential cross section becomes

1 do 20  xf+aj (2.21)
ogdridry 3w (1 —x1)(1 —x9) " '

The ay correction to the Born cross section due to the emission of a real gluon is arrived
at by integrating the above differential cross section over the allowed region of x1 and xs.
The allowed phase space region for massless quarks and gluons is the triangular region:
0<z;<land1l-—xz; <z <1. The integral thus becomes

2 1 1 2 2
o(real) = =224 / da / diry— LT 12 (2.22)
0 1—z1 (

3 1—1‘1)(1—%2) '

We can see clearly that the integrand diverges as x1 or x2 goes to 1. The origin of the
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divergence can be seen by considering
(1 —21) ~ pa2 - p3 = Eaw(l — cosbag), (2.23)

where Fy and w are the energies of outgoing quark and gluon respectively. The divergence
occurs when either the gluon becomes soft, that is, the energy of the gluon goes to zero
(w — 0), referred to as the soft divergence, or the gluon becomes collinear to the quark

direction (cosfa3 — 1), called the collinear divergence, or both.

We need to decide some way of regularizing these IR divergences so that they can cancel
between the real and virtual corrections and give a finite cross section. Dimensional reg-
ularization can be used to regularize both the divergences. Calculations are performed in
N = 4—2¢ dimensions and in the end after adding together the real and virtual corrections

one sets N = 4.

We need to recompute the Born term (v* — ¢@) in N dimensions. The two body differential

decay rate in N dimensions is
dl = ——|M*d*N 2¢,, (2.24)

where the 2-body phase space factor is given by

dN—l dN—l

n D (2m)N6N (g — p1 — p2). (2.25)

P = ) B TR

In N dimensions the matrix element squared is given by
[M|? = 32(N — 2)e2e’Q (2.26)
The Born cross section in N dimensions is

B L2 —¢ 1Q%*\
ToN = 3ae§Qm (E) . (2.27)

We now need to compute the decay rate of a virtual photon into a quark antiquark pair

and a gluon in N dimensions. The three body decay rate in N dimensions is

dl' = —— | M*d3N 3¢3, (2.28)
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where the 3-body phase space is given by

BN, — (3NN (Q = py — o —p) e R T d” Ty
™) 1 -1 2 \&m) 37
¢ 2r)N-12E; (2r)N-12E, (21)N-12E

//dN 1p dN 1 - 2N737TN72EN73dE EN*BdE /1 d (1 2)N/2—2 (2 29)
°E, 2B,  [[N_g 1 "2 anz ] @sime ' '

Here the 3-body phase space in 4 dimensions given in Eq. (2.15) can be generalized to N

dimesions. The amplitude squared in N dimensions is given by

WP s (Pt ey

(2.30)

where gy = g5/~ € is the N dimensional coupling.

Combining the phase space factor and the matrix element one arrives at

20[5 Q2 —¢ ]. 1 —9 1 —9 1-— Z2 —€ —
)= (+%5) / dayay % / dwpay™(—— =) (M.
opr(real) = zoon\ o) g ), e dne (g M

(2.31)

This differential cross section has a similar divergence structure for ¢ — 0 as in the case of
4 dimensions. The total cross section after integrating over the allowed region of x; and
i) is

205 23— 2yg+2log (47) — 2log (Q*/u?) 19 7r?

= 2 _3 -
TON | 5 + c + 5 B+ 7k 6

UDR(real) =

2
+ (3 — 2vg) log 4 + log (47)% + (=3 + 2y — 2log 4m) log (3 ) + log? (Q )]
(2.32)

The 1/€? is a double singularity coming from soft and collinear divergences, while 1/¢
is a single pole when the gluon is either soft or collinear. We expect to get the same
divergences from the virtual corrections so that the cross section is finite. The logarithms
of Q?/u? here are called the Sudakov logarithms. Note that a similar calculation in SCET
will reproduce the same IR divergences and logarithms and matching QCD to SCET will

result in matching coefficients that are independent of the IR divergences.

Virtual gluon corrections: The virtual gluon corrections come from two sources, the
vertex correction and the self energy graphs. The self energy graph vanishes in dimensional
regularization, so for simplicity we only calculate the diagram shown in Fig. 2.3. Since the
final state is the same as the Born term and we are interested in the correction to the graph

given by Ap, we need to compute Re(A4pA4,). The amplitudes for the Feynman digrams
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Figure 2.3: Left: Feynman diagram for the Born cross section v* — qq, Right: Feynman diagram
for the virtual corrections to the Born cross section.

given in Fig. 2.3 are

o = i) (i) T (icey) () (i T30 () lpn)e(a).
Ap = —ieey u(p2) Y v(p1) €(q) , (2.33)

and the cross section is

1 d*k 8 d'k N(p1,p2,k,q)
et [ R oAy = Bopgd(—i P20 (234
7 mm}/@mﬁ o) 3%%(w/k%¥0n—@%m+%ym .
where
N ) 7]€7 2 k k k_ k 2
W — %{_ 2+8(p1 ;§p2 ) —|—4p2 q2p1 = %Nl(p17p27k7q) .

(2.35)

Here we have considered Feynman gauge. Using the Feynman parameterization given by

(2.36)

1 1
/dy 51
ab Jo T (ay+b(1—-y))

the cross section can be reexpressed as

8 2 . d4k N(p17p2ak;’q)
v = — —_— ) 2.
o0 = 39095 Z)/ (2m) (k2 — 2p, - k)2k2 (2:37)

where p, = yp1 — (1 — y)p2. Simplifying further using

1 ! 2x
- d 2.
c2d? /0 x (cx +d(1 —x))3’ (2.38)
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In N dimensions the cross section has the form

8 dVK 2z¢* N k: — K
o(virtual) = 5912\’( / / / T 1 C’);_ py) , (2.39)
where
5 4 K2
Ni(k = K+ xpy) = -2 —-2z"y(1 —y )+2x+(1—26)N (2.40)
q

The integrals over K, x and y yield
—2 =3+ 2yg — 2log (47) + 21 2 u? Tn?
o(virtual) = i +27E og (4m) + 2log (Q /M)_8+3WE_73E+76F

€

2 2
+ (=3 + 2vg) log 47 — log (47)% — (=3 4 2y — 2log 47) log (gz) log? (Q ﬂ .

(2.41)

Comparing this virtual contribution with the real in Eq. (2.32), we see that both have
exactly the same divergences and logarithms. Combining the real and virtual corrections,
the NLO correction to the Born cross section is

20 3 g

— = 2.42
3T 002 T 70 ( )

opr(real) + opgr(virtual) =

The main point of this calculation is to explicitly see that the virtual correction has the
same IR divergences as the real one, and hence adding the two results in a finite cross
section for ete™ — ¢ at next-to-leading order (NLO). This calculation also gives a basic
understanding of soft and collinear divergences which are a universal property of any QCD

process.

2.4 Resummation of large logarithms

Consider that the partons are now in the initial state for e.g. Drell Yan (¢gq — [T1~X) or
Higgs production process (g9 — HX). Consider the emission of a gluon in the collinear
limit as shown in the Fig. 2.4. For this case, we can write down the Sudakov decomposition

of the four momentum as

—k%

1—2"~

k=zp+én+kr, K =0-2p—¢En—Fky , K> =
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Figure 2.4: Emission of a gluon (in the collinear limit) from an initial state parton.
The amplitude for this process is
M = (*ng)[M(k)W“t‘IU(p, s)e, (K, )] = kgs(l — 2)[M(k)ky"u(p, s)ep™ (K', V)] -
T
(2.44)
The matrix element squared for this process is given by
—9 4mas 1 + 9
|M|* = 12 CpiTr[M(k)pM (K)](1+27). (2.45)
T
The phase space factor is
A3k 1 dz d’kr
dda ~ ~ ) 2.46
¢s (2m)32k),  (4m)21l—2z = (2.46)
Combining the phase space factor and the amplitude we get
dk2 (Y a,Crpl+22 1 dk? ' a,C
R T sYF 2 T sUF
= | —L d M = | — d P
o) = [T [ a2 s Mol = [ [ as P,
(2.47)
where P(z) is the splitting function defined by
1 2
P(z) = Cr 1+ a (2.48)
-z

R

o1'(p) contains a soft singularity (z — 1) and a collinear singularity (k7 — 0). The soft

singularity is cancelled by the virtual correction. Adding the real and virtual corrections,
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the total 1-loop cross section is given by

0= [ W[ o) - oo )= [ % W[ g pGouten)

(2.49)
Here we introduce the plus prescription Py (z) such that
[z0:201) = [ dzg(als) - ] mpties
52
Po(2) = Cp [(fjm 4 ;5(1 _ ). (2.50)

For k7 — 0, the cross section diverges and thus is not collinear safe. This can be regularized
by a cut-off pg. Then we can introduce a factorizations scale p which separates the small
and large k7 regions. The small kp region which diverges for pg — 0 is absorbed in the

parton distribution functions. In this way the 1-loop cross section can be rewritten as

=/ dkT/ dz *P+ (2)o0(yzp) + of (yzp, 1) - (2.51)

The 1-loop cross section of*(yzp, 1) is now finite due to the infrared cutoff u. The density

of a quark inside a quark is given by

) N
fq/q—é(l—z)—i—/ kQT/O dz22 Py (2). (2.52)
1% T

2
0
The hadronic cross section in terms of fy g (z, 1) is then defined as
1
ou(P) = [ dafyule)os(onn). (25
where fo /g (z, 1) = fq/q @ fo/m that is

) = [ E[s1 -2+ / dkT“SfF (D). @s)

Taking a derivative with respect to p we obtain

M28fq/H(37,M) _ ! dz osCr

x
op? . Z 2 P+(Z)fQ/H<;>' (2.55)

This is the leading order form of the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP)
equation [13] for the parton distribution f, g (z, ). The above formula is however incom-
plete, because it only sums up the leading logarithmic contributions from a single type of
splitting process — emission of a gluon from a quark line. There are other QCD branching

processes that can also contribute at the leading logarithmic level- quark-antiquark, or
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gluon pair production from a gluon, or gluon production from a quark. Including all of
these effects, the DGLAP equation becomes a matrix equation. The important thing here
to note is that the parton distributions now depend logarithmically on the scale Q. At
each higher-order in perturbation series, there is an additional logarithm arising from the
kr integration and this equation resums logarithms of the form o log (/o) arising from
multiple emissions of a gluon from a quark line where the successive emissions are strongly

ordered in transverse momentum.

The hadronic production cross section for the Drell-Yan process or Higgs production and

other LHC processes, now including both scales, reads

1 1
Otot(1Fs R) = / dxy / dry ) filwr, pr) fi(we, pr)ij (1228, as(uf), r, pir) - (2.56)
0 0 pr
where 4, j are the incoming partons with momentum fractions z; ; and the partonic energy
of the process is s = x;x;S with S being the total energy. This is the collinear approxima-
tion where all partons are assumed to travel in the same direction as the incoming particle,

i.e. they don’t have a transverse momentum.

The cross section differential in transverse momentum gr of the boson V has terms of the
form (asCr/k%)In (Q%/k%). In the kinematic region where gr < @, large logarithms arise
to all orders in the perturbative expansion and an all-order ressumation is needed to make
sensible predictions. Consider the approximation such that the soft and collinear gluons
are strongly ordered in kr as kTZl < k:TZ%Q < .. K kT?,N < ¢2 < Q% The resummed

cross section in this approximation has the dominant contribution given by [14]

Lo 1raCey, (@) adCh, @), 1V TalON s (@)

;odq% ¢ L 2nm @ 82 a7 22N-2 N @
2 _ 2
= aSC’;: In (Q—Q) exp [ asCr In? (Q—Qﬂ ) (2.57)
2mwqy q7 T qr

Due to the structure of the logs here, this approximation is called leading logarithmic
(LL) approximation. However the strongly-ordered case is not the only dominant one
in the small ¢y limit. There are equally important non-strongly ordered contributions
coming from the soft gluons whose transverse momentum vectorially add to give the overall
qr. To take into account such sub-leading logarithms, the resummation is performed in
fourier conjugated b-space imposing transverse momentum conservation. Following the
gr resummation in [14] , a method to systematically resum the logarithmically enhanced
contributions at small ¢gr was set up by Collins, Soper and Sterman in [15,16] called the

CSS formalism.

The phenomenological significance of transverse momentum resummation ranges from



20 2.5. Spontaneous Symmetry breaking

Drell-Yan pair production to Higgs production at the LHC. At the LHC, besides the total
cross section and the invariant mass distribution, the fundamental measurable used is the
transverse momentum of the boson or of the jets. The Higgs analyses at the LHC use
jet vetoes to minimize QCD background and to obtain cross sections with a fixed number
of jets in the final state. The default jet variable by which jets are currently classified
and vetoed is the transverse momentum pr of a jet. To obtain an exclusive 0-jet cross
section, the experiments put a cut on the maximum pp of the jets, that is, allow only
soft jets with p’ﬁt < pM*. For tight jet vetoes, p$** < my, large Sudakov logarithms of
the form o In™ (p$**/my) with m < 2n appear in the perturbative series and must be
resummed. The leading O-jet Higgs production cross section with such a veto has the

following structure

20450 cut
oo (pSt) = o (1 - S 2 ZZ—H + ) (2.58)

where op is the lowest-order cross section. Such large logarithms can be resummed in
SCET, where the cross section is factorized into calculable pieces and the resummation
is performed by renormalization group evolution (RGE). Schematically, a factorized cross

section in SCET has the structure,
o(pP) ~ Hyy x By x By x S, (2.59)

where H g, is the hard function which is determined by matching QCD onto the operators in
SCET. B, and B, are the so-called beam functions which describe the initial state radiation
in the n, and n; light-cone directions. The beam functions are defined as B; = Z;; ® f;,
where Z;; is the perturbatively calculable matching coefficient and f are the PDFs. S is
the soft function which describes the soft-radiation. The way the evolution works roughly
is as follows: One has the standard DGLAP evolution for PDFs from ua to up, where up
is the beam scale. Each of the beam, soft and hard functions are evaluated at their natural
scales (upg, s, prr), and then evolved to a common scale p which sums logarithms of the
ratio of the scales using RGE. We will discuss in detail the structure of the factorized cross

sections and resummation in the framework of SCET in chapter 4.

2.5 Spontaneous Symmetry breaking

Having discussed some of the basics of perturbative QCD calculations, and the origin and
summation of large logarithms in any differential cross section predictions, we will now
give a brief introduction of the Higgs Mechanism in the SM and the current status of the

Higgs measurements at the LHC.
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In the SM, the Brout-Englert-Higgs mechanism is essential to explain the generation of
mass for the gauge bosons. The electroweak interactions of fermions exhibit a symmetry
under the group SU(2)w x U(1)y. On contrast to the gauge bosons of the electromagnetic
and strong interactions, the W=, Z bosons of the electroweak interaction are found to
have larger masses. Because pure gauge theory requires all gauge fields to be massless,
adding an explicit mass term to the Lagrangian violates gauge invariance. Therefore,
the formulation of a gauge theory for the electroweak interaction requires a concept of
spontaneous symmetry breaking in which gauge fields are coupled with additional scalar
fields, which owing to their self interactions, acquire non-vanishing vaccum expectation

values (vevs).

To define spontaneous symmetry breaking , consider a Lagrangian that is invariant under
a group of transformations G. There are two possibilities for the ground state |0): only a
single ground state which is invariant under transformation or multiple degenerate ground
states which transform into one another under the group G. For multiple ground states,
choosing one of them causes the G symmetry to be spontaneously broken. Consider now
the spontaneous breaking of a global symmetry as an example. Consider a Lagrangian

describing the self-interaction of a complex scalar field ¢(z) = 1/v/2(¢1 + i¢o) given by
L=(2"¢)10,6 - V(9), (2.60)

where

A 'u2 2 by N2 /1’4
e :7< 2_7) = 2ot — B2+ B 2.61
()= 3(168 = 5)" = Jlol' - 102 + & (2.61)
is invariant under global phase transformations. The coupling A is positive so that the
energy is bounded from below. There are two possibilities for the sign of u?. For pu? < 0,
the field ¢ has a mass M? = —u? and the potential V(¢) has a unique vaccum ¢g(z) = 0.

When z2 > 0, there are an infinite number of vacua that satisfy

2 o M
¢1 + &3 ) v. (2.62)

From these we choose the ground state ¢g as ¢; = v and ¢2 = 0. The perturbation around

this vaccum is described as

@) = v+ n(a) + ig(@)) (2.63)

Here n(x) and &(x) are real fields describing small deviations around v and the phase of

the field ¢ from the ground state. Inserting the above defined field into the Lagrangian
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yields

L= %(8,@)(8“5) + %(ﬁun)(ﬁﬂn) — Av?n? 4 higher order terms. (2.64)

Here 7(x) is a scalar field with mass v2X\v2 = \/—2u2 while £(z) is a massless scalar
field known as the Goldstone field. The excitations of &(x) results in the appearance of
new massless scalar particles called Goldstone boson. There is one scalar particle, called
a Nambu-Goldstone boson, for each generator of the symmetry that is broken. Goldstone
theorem says that for each broken generator of the original symmetry group, i.e. for each
generator that connects the vacuum states one massless spin-zero particle will appear.
Spontaneously breaking a continuous global symmetry gives rise to a massless (Goldstone)
boson. When a local gauge symmetry is broken, something special will happen and the
Goldstone boson will disappear and will be "eaten up" by the gauge bosons which become

massive.

2.6 Higgs Mechanism in the Standard Model

Among the electroweak gauge bosons only the photon is masless, while the other gauge
bosons are massive, so the SU(2)r, ® U(1)y gauge symmetry must be broken down to
U(1)em. The breaking is accomplished via the Higgs mechanism which is also responsible
for the generation of fermion masses. To obtain gauge boson masses additional terms are

added to the Lagrangian of a scalar field
Locatar = (D"9)' (Do) = V(9), (2.65)
where
V(g) = 12(d16) + M@'¢)® and D, = 9, + ig%? W+ ig’%YBu. (2.66)

Since the Lagrangian should retain all symmetries only the SU(2); ® U(1)y multiplets can
be added. We add an isospin doublet given by

+ .
b= ‘Z’O _ (9T (2.67)
¢ ¢3 + g4
Any choice of vaccum that breaks a symmetry will generate a mass for the corresponding

gauge boson. The vacuum we choose has ¢1 = ¢ = ¢4 = 0 and ¢3 = v

1 (o
b0 = 7 <v> . (2.68)
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The perturbation around this vaccum state is given by

¢(x)::exp(i5hi)“?) (U_+3“x)> , (2.69)

Here h(x) is the real field. To eliminate the unphysical (would be Goldstone boson) fields

&, we make a gauge transformation in the form

(@) = U(E@)o() = ( +°h(x)> .10

where U(§) = exp (#W) This is called the unitary gauge. For simplicity, in what
follows we will continue to use the notation ¢(x) for the field ¢’(x) in the unitary gauge.

Plugging in the definition of ¢(z) in the Lagrangina, the kinetic term becomes
1 1
(D"6) Dy = Sv?[g* (W] + W3) + (—gWH' + gV B’ + 5(0uh)* +... (271)

The first term is the mass term M%/Wj W ~F for the charged gauge boson field

1
V2

The second term mixes two neutral components of the gauge fields W4 and B* but after

. . 1
W+ (W FiW7)  with My = Svg (2.72)
diagonalization in the form
_Wi—dBu Wit dBy
[+ g2 o /g% + g

The Z boson acquires a mass 1/2M2Z, Z" where Mz = (1/2)v+/g? + ¢g’2. Thus by sponta-
neous breaking of SU(2)r, x U(1)y — U(1)q, three goldstone bosons have been absorbed

Z, (2.73)

by WT, W~ and Z bosons to form their longitudinal component and get their masses.

Since the U(1) symmetry is unbroken, the photon remains massless.

The kinetic part of the Higgs field comes from the covariant derivate term shown before,
while the Higgs mass and self-interaction parts come from the scalar potential. The SM

Higgs Lagrangian is given by

A, ot
Wty 2 (2.74)

2 2 02 A
4 4

h? — \h? —

1
From this we know that the Higgs boson mass is MIQJ =202

Fermion masses: The fermions in the SM consist of leptons and quarks. Fermion masses

can be generated by the Yukawa coupling A; of the Higgs field to the fermion field. Such
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a term is given by

Lvukawa = —[Z_L)\l¢€R + qrA\gPdRr + q‘L)\u&uR + h.c.] . (2.75)

Note that the first two terms give masses only to the down-type fermions. The charge-
conjugated Higgs field ¢ = —io¢* is needed to give masses to the up-type fermions. The
mass of the leptons is mz = \v/v/2. The mass eigenstates of quarks are obtained by
unitary transformation of the quark fields, the diagonalised mass matrix for up and down

type quarks is given by

v

v
My = G(Ug)T)‘ng y = 2

\@(UE)T/\DUE?, (2.76)

where Vo = UgTU D i the ‘Cabibbo-Kobayashi-Maskawa (CKM)’ quark mixing matrix.

2.7 Higgs boson discovery

At the LHC, the relevant Higgs boson production modes are gluon-gluon fusion (ggF),
vector boson fusion (VBF), production in association with a vector boson (V) and in
association with top quarks (ttH). The five most sensitive Higgs boson decay channels at
the LHC are the modes H — vy, H — ZZ — 41, H - WW, H — 77 and H — bb.
At lower Higgs masses, the dominant decay channels are 77 and bb while the decay to
bottom pairs and W pairs become equal for Higgs masses of about 130 GeV. In July 2012,
the ATLAS experiment with proton-proton energies of 7 TeV and 8 TeV observed a peak
with an invariant v or 41 mass of 126 GeV and a combined significance of 5.90 [5]. The
channels which contributed to the statistical discovery are Higgs decays H — ZZ — 4l,
H — yyand H — WTW~ — 212v. The CMS experiment observed a similar excess at a
mass of 125 GeV with a local significance of 50 [6].

Fig. 2.5 shows the tree level diagrams of the four main Higgs production channels in pp
collision. The ggF is the dominant process over the whole mass spectrum followed by the
VBF which is an order of magnitude lower than ggF for a large range of the Higgs masses.
The remaining production processes have a very small cross section, much smaller than
those of ggF and VBF. We will now consider in detail the two most relevant production

mechanisms — ggF and VBF here.

Gluon gluon fusion: At tree level the Higgs hardly couples to light-flavor quarks and
has no coupling to gluons. The ggF process gg — H + X, shown by the top left Feynman

diagram in Fig. 2.5, is mediated by a virtual top quark loop and contributions from lighter

2

quarks in the loop are suppressed proportional to mg. The channel g9 — H — bb has
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Figure 2.5: Feynman diagrams for the Higss boson production. Top panel: gluon gluon fusion
(left) and vector boson fusion (right). Bottom panel: Higgs-strahlung or associated production with
a gauge boson (left) and associated production with top quarks (right).

a large branching ratio but is very hard to measure due to the dominating gg — bb
background. H — 7 is, in spite of the small rate, one of the main Higgs discovery channel
because m,, can be reconstructed to O(1%). H — ZZ — 4l, works great, in particular
for muons, because of the fully reconstructed my; and is called the ‘golden channel’ at the
LHC. H — WTW™ has a large rate but a dominant background is ¢ production. H — 77
is problematic because if taus decay leptonically we can identify them in the detector, but
there will appear one or two neutrinos in the decay so reconstructing the 7 momentum is

not possible.

Including the full dependence on the quark and Higgs boson masses, the cross section has
been calculated at the next-to-leading order (NLO) [17,18]. To a very good approximation,
the leading top-quark contribution can be evaluated in the limit m; — oo by matching
the Standard Model to an effective theory. In this approximation the cross section is
known at next-to-next-to-leading order (NNLO) [19,20] and recently N3LO has also been
computed [21,22]. The NLO QCD corrections increase the leading-order prediction for the
cross section by about 80%, and the NNLO corrections further enhance the cross section
by approximately 20%. Besides considering the inclusive Higgs boson production cross
section at the LHC, it is important to study differential distributions in order to probe
the properties of the Higgs boson in a detailed way. A more exclusive account of Higgs
production is required because the experimental analyses often impose cuts in order to
improve the signal-to-background ratio and to distinguish between different production
and decay channels depending on the number of jets. By vetoing jets, one restricts the
phase space for additional emissions. This makes the cross section sensitive to soft and
collinear radiation, which induces Sudakov double logarithms of the jet-veto observable

that need to be resummed as explained in Sec. 2.4. Efforts have been made to obtain
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resummed predictions for the Higgs production cross section with a jet-veto for “H+0-jet”
upto NNLL/4+ NNLO order in [23-25]. There has been activity in computing the Higgs
cross section in association with jets e.g. H+1-jet [26] at NNLL accuracy and in [27]
at NNLO. The gg — H-+2-jets cross section is computed in [28] at NLO and the NLO
predictions have been matched to parton showers in [29,30] which provide leading-log (LL)
resummation. An all order resummation of soft gluon emissions in the presence of a central

jet veto is performed in [31,32].

Vector boson fusion: Higgs boson production via VBF qq — qqH, as shown in the
top-right of Fig. 2.5, proceeds by the scattering of two (anti-)quarks, mediated by t- or
u-channel exchange of a W or Z boson, with the Higgs boson radiated off the weak-boson
propagator. It has a very clear experimental signal due to the presence of two spectator
jets in the forward region. These characteristic features of VBF processes can be exploited
to distinguish them from overwhelming QCD backgrounds as well as from including gluon-
fusion induced H+2-jet production. The total cross section and differential distributions
for Higgs production via VBF has been computed upto NNLO in [33], the parton shower
effects have been studied in [34] and the NLO QCD result has been matched to parton
shower in [35,36]. After the application of specific selection cuts to enhance the VBF signal
over the ggF background, the VBF channel provides a clean environment not only for the

Higgs searches but also for the determination of the Higgs boson couplings at the LHC.

Current Higgs results: Both ATLAS and CMS have published in [37] a measured value
of the mass of the Higgs boson using the high precision H — vy and H — ZZ* — 4l
channels, coresponding at /s = 7,8 TeV. The two collaborations joined forces to combine
these measurements and they obtained the Higgs mass, my = 125.09 £+ 0.24 (0.21 stat +

0.11syst.) GeV, the most precise measured value to date.

Distributions of the differential pp — H cross sections have been measured by ATLAS
[38,39] as a function of the jet multiplicity Nje:, the Higgs boson transverse momentum
p¥ , the transverse momentum of the leading jet prj; and beam-thrust like observables
Tg’t (T1). The prj1 and Nje; measurements have been compared to theoretical predictions
as shown in the first two plots of Fig. 2.6. The last plot shows the measurement of cross
section in the H — 7y channel in bins of chyet for which theoretical predictions didn’t exist.
We have obtained the resummed predictions for Téet and we will present a comparison with

this measurement in chapter 4.

The signal strength which allows one to compare the measured cross sections (o) of each
decay channel, to that predicted by the SM, (ogys) is defined as

o; X BR
= L= i x g (2.77)

g; X BR)SM
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where j1; = 0;/(03)sm and pup = BRy/(BRy)sy denote the signal strength for production
and decay respectively. Studies of the production and decay properties of the Higgs boson
where the Higgs boson decays into vector bosons, (vy,ZZ, WW, Zv) and into fermions
(77,bb, up) were found to be compatible with u = 1, corresponding to Standard Model
predictions. The new combination of all production and decay channels gives y = 1.04+0.13
for CMS and 1.18 + 0.10 for ATLAS.

o

_ = T T T T T
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Figure 2.6: Left: Differential cross section for inclusive Higgs production combining the H — ~y~y
and H — ZZ* channels, compared to theoretical predictions for pr;1. Middle: Measured Higgs
boson production cross sections in inclusive and exclusive jet multiplicity bins compared to different
theoretical predictions. Right: Differential cross section in H — ~y channel as a function of
TN (TL). Figs. taken from Ref. [38, 39]
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Figure 2.7: Likelihood contours measured for H — {yvy, ZZ, WW,bb, 77} indicating the best-fit
value to the data (+), 68% (full) and 95% (dashed) CL contours and the SM expectation. Fig.
taken from Ref. [40]

To measure the Higgs couplings to gauge bosons and fermions, the Higgs boson production
modes are probed with four signal strength parameters uy gr, pv m, pggr and gy for each
production mode assuming SM value for the decay branching ratio (uy = 1) in Eq. (2.77).
The production processes can be categorised into two groups according to the Higgs boson
couplings to fermions (ggF and ttH) or vector bosons (VBF and VH). For each decay

channel f, the potential deviations from the SM can be tested with two signal strengths:
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the coupling to vector bosons uéBF “VH = (bvBr = pvm) and the coupling to fermions
MggF-s-ttH = (tggr = paer ), assuming SM values for the ratio of ggF and ttH cross sections
and the ratio of VBF and V H cross sections. Recent measurement of the couplings by
ATLAS in [40] is shown in Fig. 2.7. The SM expectation of uf = 1 is within 65% CL

contour of most of these measurements.

For such coupling measurements, it is crucial to distinguish between ggF and VBF pro-
duction mechanisms and for that as we will discuss in the next chapter it is important to
have precise theory predictions for cross sections with a fixed number of jets in the final
state. The focus of the next chapter will be to estimate uncertainties in the fixed-order
predictions of exclusive jet cross sections in particular considering the H+4-2-jet cross section

via ggF which is important for separating ggF' and VBF.



Chapter 3

NLO Uncertainties in Higgs + 2 jets

This chapter reviews and extends the procedure of estimating jet binning uncertainties and
is based on my work in [11]. In this, we present results for the NLO uncertainty in the H-+2-
jet cross section after implementing the VBF selection cuts used in the H — ~vvy analyses
of ATLAS and CMS. Typical VBF selections include indirect restrictions or explicit vetoes
on additional jet activity, primarily to reduce non-Higgs backgrounds. We find that such
restrictions have to be chosen carefully and are not necessarily beneficial for the purpose of
distinguishing between the VBF and ggF production modes, since a modest reduction in the
relative ggF' contamination can be easily overwhelmed by its quickly increasing perturbative

uncertainties.

3.1 Introduction

As discussed in the previous chapter, a central ingredient in measuring the properties of the
Higgs boson is to separate out the different production mechanisms via gluon-gluon fusion
(ggF) and vector boson fusion (VBF). To distinguish between different production processes
and to maximize the signal sensitivity, ATLAS and CMS in their analyses separate the
data into various exclusive selection categories, based on the number of jets (“jet bins”). In
particular, in their VBF analyses the experiments apply different kinematic selection cuts
to enhance the VBF signal and reduce the non-Higgs backgrounds as well as the sizable
contamination from ggF production. One selection category, designed to isolate a clean
VBEF signal, is also the production in connection with two jets that are widely separated in
rapidity. A characteristic feature of the VBF process is that it is accompanied by few extra
gluon emissions, because of its color structure and incoming quarks. The same is not the

case for ggF production or generic non-Higgs backgrounds, so the VBF signal tends to be

29
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most significant in the exclusive 2-jet region of phase space with two forward jets and little
additional radiation. Therefore, when optimizing its significance, whether in a cut-based

approach or via multivariate techniques, one dominantly selects events from this region.

In general, placing a restriction on additional real emissions induces Sudakov logarithms
at each order in the perturbative series as discussed in the previous chapter. In the limit of
very tight restrictions, the logarithms become large and must be resummed to all orders in
the strong coupling constant as to obtain a meaningful perturbative prediction. Often, the
experimentally relevant region is an intermediate one, where the logarithmic corrections
are already sizable but their resummation is not yet strictly necessary and a fixed-order
expansion can still be applied. In this case, however, it is important that the possible sizable
effects of higher-order logarithms are reflected in the perturbative uncertainty estimate for

the fixed-order prediction.

Due to the incoming gluons in ggF and the associated large color factor, the logarithmic
corrections in this intermediate region are indeed sizable. A numerically important ggF
contribution to the VBF-like 2-jet selection is the partonic gg — Hgg process, where
both incoming and outgoing gluons generate additional radiation. When restricting that
radiation by forcing the kinematics into the exclusive 2-jet region, the logarithmic correc-
tions can be expected to be large hence the perturbative uncertainties have to estimated

carefully.

In Ref. [41] a simple method was devised that explicitly takes into account the size of
the logarithmic corrections in the fixed-order uncertainty estimate (for which a simple
scale variation in the exclusive jet cross section is insufficient). It has been adopted in
Refs. [42,43], and is being employed in various exclusive analyses at the LHC and the
Tevatron. It is sometimes referred to as the “ST method.” We applied this method to
provide robust uncertainty estimates for the NLO calculation [28,44] in the exclusive 2-jet
bin in ggF production that was used in the ATLAS and CMS 7 — 8 TeV Higgs analyses.
We also discuss the application to more general cuts restricting to the exclusive 2-jet
region. The next section gives a discussion of uncertainties associated with jet-binning and

generalizes the basic procedure given in [41].

3.2 Jet Binning Uncertainties

Consider the inclusive N-jet cross section, o>y, for some process containing at least NV jets.
We will assume that o>y is a sufficiently inclusive quantity such that it can be computed

in fixed-order perturbation theory. We are interested in the case where o>y is divided up
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into a corresponding exclusive N-jet cross section, oy, and a remainder o>n41,
o>N = on(excl. cut) + o>n41(inverse excl. cut). (3.1)

All three cross sections here have the same selection cuts applied that identify the leading
N signal jets. What defines oy to be “exclusive” is that the additional exclusive cut applied
to it restricts the phase space of additional emissions in such a way that oy is dominated
by configurations close to the N-parton Born kinematics. In particular, at leading order

(LO) in perturbation theory UI;(])V = akfo, while relative to these, o>n41 is suppressed by

O(as). In other words, o> n41 requires at least one additional emission to be nonvanishing.

Hence, we can consider it an inclusive (N + 1)-jet cross section with at least N 4 1 jets.

In the simplest case, o>y is divided into the two jet bins on and o>y by using a cut on
some kinematic variable, pyy1, which characterizes additional emissions, with py+1 = 0
for a tree-level N-parton state. Typical examples would be the pp of the N + 1st jet or
the total |pr| of the underlying N-jet system. The two jet bins then correspond to the

integrals of the differential spectrum do/dpy1 above and below some cut,

cut

p dosy dospn
O>N =/ dpn 41— +/ dpn i1 ——=
0 deJrl peut de+1
= UN(pCUt) + UENH(pCUt) . (3.2)

In general, the jet bin boundary could be a much more complicated function of phase

space, for example in a multivariate analysis.

We are interested in the uncertainties involved in the binning. The covariance matrix for
{oN,0>N+1} Is a symmetric 2 X 2 matrix with three independent parameters. A convenient

and general parametrization is to write it in terms of two components,

C = ( (Aﬁl\/)Q A?V AiN-i—l) + ( A?:ut _A?,ut) ) (33)

AL ALy, ALy,r) T\, a2

cut cut

Here, the first term is an absolute “yield” uncertainty, denoted with a superscript “y,”
which (by definition) is 100% correlated between the two bins on and o>pn41. The second
term is a “migration” uncertainty between the bins and corresponds to the uncertainty
introduced by the binning cut. It has the same absolute size, Acy, for both bins and is
100% anticorrelated between them, such that it drops out when the two bins are added.
Hence, the total uncertainty for each bin is given by

AR = (A})" + A

cut

A22N+1 = (Ay2N+1)2 + Agut ) (3~4)
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while the total uncertainty on their sum, i.e., on o>y, is given by the total yield uncertainty,

AZN:A}éN:A?\f—FAéN—i—l' (35)

Considering the perturbative uncertainties, the basic question is how each of the uncer-
tainties in Eq. (3.3) can be evaluated. The fixed-order prediction provides us with two
independent pieces of information, namely the variations obtained by the standard scale
variations, which we denote as AgN, AR, A§N+17 and which satisfy AQN = Al —|—A’§N+1.
Following Ref. [41], we start by assuming that the standard fixed-order scale variations can
be used to obtain a reliable estimate of the total uncertainties in the inclusive cross sec-
tions (which is of course the common assumption underlying any inclusive fixed-order

calculation). Hence, we impose the two well-motivated boundary conditions,
Asy = A’éN, Asni1 = A’gNH. (3.6)
Together with Eqs. (3.4) and (3.5), these lead to

(1) AéN = A3,\/ + AyzNH )

(ii) (A’§N+1)2 = (AéNH)Z + A(2:ut : (3~7)

Thus, the question is how to divide up AX 41 between ALy 41 and Acyt in order to satisfy
condition (ii). Condition (i) then determines AY};. The nontrivial effect Agy can have is
on the size of Ay as well as on the off-diagonal entries in Eq. (3.3), which determine the

correlation between Ax and A> 1.

Clearly, the simplest is to neglect the effect of A.yt altogether and to directly use common

scale variations to estimate the uncertainties, i.e., to take

Ay = AéN - A§N+1 =AY, Ay2N+1 = A§N+1 )
Acut - O, (38)
which leads to
A“ 2 Au Au
direct: C= < M( ]Z) Nu ZN+21> . (3.9)
Ay AENH (A2N+1)

The direct scale variation choice is reasonable as long as the effect of A¢yt is indeed neg-
ligible. It is certainly justified if numerically Ag N > A; N1 Since any uncertainty due
to migration effects can be, at most as large as AL 41 [by virtue of condition (ii)|]. This
can happen, for example, when Ag N is sizable due to large perturbative corrections in

o>y and/or the binning cut is very loose (i.e., is cutting out only a small fraction of phase
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space) such that o> is numerically small to begin with.

In perturbation theory, the effect of the binning cut is to introduce Sudakov double loga-
rithms in the perturbative series of o and o>y, which have opposite sign and cancel

in the sum of the two bins, schematically,

O>N 203[1—1—045—1—0434—0(@2’)],
osnt1 ~oplas(LP+L+1)+a2(L* + L* + L + L+ 1) + O(a3L9)]

ON =0>N — O>N+1, (3.10)

where op denotes the Born cross section and L is a Sudakov logarithm, e.g., for Eq. (3.2),
L =In(p"/Q), where Q ~ my is a typical hard scale. As the binning cut becomes tighter
(p°"* becomes smaller) the logarithms grow in size. Once the logarithms are O(1) numbers,
one is in the transition region and the logarithms will start to dominate the perturbative
series of o>n41, and there will be sizable cancellations in oy between the perturbative
series for o>y and the logarithmic series in o>xn41. Eventually, the logarithms will grow
large enough to overcome the « suppression and o becomes negative, at which point one

is in the resummation region and the fixed-order expansion has broken down.

The perturbative migration uncertainty A, can be directly associated with the pertur-
bative uncertainty in the logarithmic series induced by the binning, and so should not be
neglected once the logarithms have a noticeable effect. In particular, as demonstrated in
Ref. [41], the simple choice in Egs. (3.8) and (3.9) can easily lead to an underestimate of
Ay in the region where there are sizable numerical cancellations between the two series in
o>n and o>n41. Since in this region the dominant contribution to o>xn41 comes from the
logarithmic series, varying the scales in o>y directly tracks the size of the logarithms,
which means we can use Acy, = AL N41 as an estimate for the binning uncertainty, which
is the basic idea of Ref. [41]. From_Eq. (3.7), we then find

Ay = ALy, ALy, =0,
Acut = AgN—l—l s (311)
such that
ST: C = <(N§N)2+ (AL 41)’ _(NZLN“)Q> . (3.12)
—(AS N )’ (AN 1)

Since AL . is now used as Acyt, the effective outcome is that one treats AL\ and AL 4

as uncorrelated.

More generally, we can introduce a parameter 0 < p < 1, which controls the fraction of
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ATLAS CMS loose CMS tight
anti-kr R =04 anti-k7 R = 0.5 anti-k7 R = 0.5
2-jet selection prj >25GeV for |n;[<2.5 jet 1. pp;>30GeV, |n;| <4.7 | prj >30GeV, |n;|<4.7
prj>30GeV for 2.5<|n;|<4.5 | jet 2: pp; >20GeV, |n;| <4.7

Anjj = ‘773'1 — 77]'2‘ > 2.8 > 3.0 > 3.0

mj; > 400 GeV > 250 GeV > 500 GeV
na — (i1 +mj2)/2| - <25 <25
A¢H—jj > 2.6 > 2.6 > 2.6

Table 3.1: VBF selection cuts we use, corresponding to the H — ~v analyses by ATLAS [5,45]
and CMS [6]. CMS loose excludes events that pass CMS tight. The cut on A¢p_;; in the last row
1s treated specially as an exclusive binning cut.

AL ., assigned to ALy, such that

y _ 14 14 y — 1
Ay =A5y —pASnys Ay =pASN,,

A= V1— 2L, (313)

which leads to

ST (p): C = <(AZN)2 + (AgN+1)2 - 2/0 A;NAgNJrl (p AgN - Al;NJrl)AI;NJrl) .

(p AQN - A§N+1)A/§N+1 (AéNH)Z
(3.14)

From this one can easily see that p corresponds to the correlation between AL N and
AZNH. The choice p = 1 would be equivalent to the case in Eq. (3.9), Whileip =0
reI_)roduces Egs. (3.11) and (3.12). Hence, from the above arguments one should take p to
be small. In the next section, we will explore the dependence on p in the ST method. We
will see that all choices p < 0.4 give very similar results, so we will use the default choice

p = 0 for our applications to H + 2—jets.

As a final comment, note that in general one could also take p to be a function of the
binning cut. For example, at large p®* the logarithms become small, in which case one
might want to reproduce the direct scale variation uncertainties in Eq. (3.9). However,
in this limit, typically A; ~N41 becomes much smaller than Ag ~» Which makes the precise

choice of p irrelevant there, and so it is consistent to use a fixed p = 0 everywhere.

3.3 Application to gg -+ H + 2 Jets

We now discuss the application of our method to the case of pp — H + 2 jet production via
gluon fusion (which for simplicity we denote as gg — H +2j, where a sum over all possible

partonic channels is implied). We will study the uncertainties in the exclusive H + 2 jet
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cross section as a function of two kinematic variables, prp;; and A¢y_j;.

We take /s = 8 TeV and my = 125GeV. We use MCFM |28, 44, 46] to compute the
NLO cross section, with the ggH effective vertex in the infinite top mass limit. We then
rescale the cross section with the exact m; dependence of the total Born cross section,
op(m)/op(c0) = 1.0668. We use the MSTW2008 [47] NLO PDFs with their corresponding
value of ag(mz) = 0.12018. For all our central value predictions we use p, = iy = mp,
which was also used in Refs. [28,44]. In our analysis we implement the 2-jet selection and
VBF selection cuts summarized in Table 3.1, which are taken from the 7-8 TeV ATLAS
and CMS H — v~ analyses in [5,6,45]. However, note that we consider the cross section
for the production of an on-shell Higgs boson, without including any branching ratios or
cuts on the Higgs decay product, as the perturbative corrections are independent of the

Higgs decay modes.

The main inputs for MCFM are : the process definition (in our case gg — H + 2-jets),
order (NLO), E¢p, mp, mass of top quark, the factorization scale up and renormalization
scale up scales, PDF type, jet radius (ATLAS R = 0.4 and CMS R = 0.5 ) and jet
algorithm (anti-kT). Other options which MCFM provides and are important for us in
this analyses are a minimum pr to identify the two jets and maximum rapidity n for
the two jets, the rapidity separation and invariant mass of the dijet system. We define
a momentum four vector for each jet and events with two jets ordered in their pp are
preselected which further go through a set of selection criteria defined by the ATLAS and
CMS VBF category. An event is selected if each of the two jets have a minimum pp and
a maximum rapidity n; and the two jets are separated with a rapidity gap as defined in
Table 3.1. The two jets should also fulfill the condition on their invariant mass which is
defined as Amj; = \/(Ejl + Ej2)? — |pj1 + Pj2]?. An additional selection based on the
variable A¢p_;j; defined in the next section also applies. We obtain from MCFM a list of

histograms, with the differential 2-jet cross section in bins of the jet-veto observables like

A¢pjj or prj; and the cumulant cross sections we plot are given by

cut

cut T do cut

o2(prHjj <PT") = oo (prj1prj2 > P ) (3.15)
0 PTHjj

where the dots refer to the additional selection criteria we impose depending on ATLAS

and CMS VBF selection. We have to be careful while specifying the selection cuts in

order to obtain reliable predictions from MCFM in the exclusive limit pry;; — 0 and

A¢p—j; — m, where the NLO predictions break down.



36 3.3. Application to gg — H + 2 Jets

——'Il'r=l‘f=mH/2 0.05

bands: ,uf:mH{Z,l,O.S}E bands: py=mg{2,1,0.5} -

03 0-3JH\\HH‘\H\\H\\‘\\H\HH‘H\HHH‘H\HHH TTTTTTTTTI TTTTTTITTTTTTT]

. 7\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\ TTTT TTTT TTTT] : . :

" 99— H+2j (NLO 8TeV) 1 0.o5F 997 H 125 (NLO8TeV) E

- = Oy =125GeV B

_ 0-255 mp=125GeV = P .
B 025 =021
- E = =

/:\2015i - 35015; ATLAS 2-jet selecti E

5T F ATLAS 2-jet selection 1 2 E Z-jet selection ]

U§ F mj; >400GeV, An;;>2.8 ] 4 r m;; >400GeV, An;; >2.8 q

= 0.1p Hr=prp=mp 4 = 0iF Hr=Hpy=mu E

© Y/ /A fr = iy =2mg i ® S/ 72 Hy = pg =2 ]

U A RNTERTRNI IRNARRTET1 INNUNRTEN] FURTRRTNT] SARTRUNNA ANURNENER AU

0 L ‘ 111 ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L 0
0 10 20 30 40 50 60 70 80 90 100 0 0.2 04 0.6 0.8 1 1.2 1.4
p%“}ﬁj [GeV] T — Aq&%}“ﬂ.j

Figure 3.1: Exclusive 2-jet cross section using the ATLAS VBFE selection for various scale choices
as a function of p§y ;. (left panel) and m — A¢S;, (right panel).

3.3.1 Variables

prHj;: We define pryj; as the magnitude of the total transverse momentum of the Higgs-
dijet system,
praj; = |Prj1 + Prj2 + Pra| - (3.16)

At Born level, prgj; = 0 and so applying a cut prp;; < pCTu]ijj restricts the phase space
to the exclusive 2-jet region. At NLO prp;; is equivalent to the pr of the third jet, so it
is a useful reference variable for a pp-veto on additional emissions, such as the central jet
vetoes applied in the H — WW and H — 77 VBF analyses (see e.g. Refs. [48-51]).It is
also considered directly, for example, in the 7-8 TeV H — 77 analysis [49].

The exclusive 2-jet cross section o2 (prm;; < pﬁ}u}_}j j) is shown in the left panel of Fig. 3.1
as a function of pCTujflj ; and using three different combinations of the factorization and
renormalization scales, p, and py. The solid line and blue band correspond to p, = mpy
and varying pr = {2,1,1/2}mpy. Similarly, we vary py while keeping p, = mg /2 for the
dark green band and p, = 2mypy for the light green band. One can see that the biggest
variation is due to the p, variation, while the uy variation only has a subdominant effect,
which was already noticed in Ref. [28]. Therefore, for simplicity we will take p, = pf = p
and vary p = {2,1,1/2}mpy when showing the direct scale variations as reference in the

following.

We write the exclusive 2-jet bin defined by this cut in terms of the inclusive 2-jet cross

section, o>, and the inclusive 3-jet cross section with the cut inverted as,
oa(pruj; < PFh;) = 022 — 0=3(pTH); > PTHj;) - (3.17)

where in all cases the remaining VBF selection cuts in Table 3.1 are applied (excluding the

cut on A¢p_j; in this case).
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The restriction on prp;; is infrared sensitive and induces Sudakov logarithms of the form
L= ln(p%ljf[jj/mH) in the perturbative series of o9 and o>3. In Fig. 3.1 we see that the
veto starts to have a noticeable effect below prg;; < 50GeV, where the different scale
variations start crossing and we start to see cancellations between o> and o>3. In the
region below prpj; < 20 GeV, the logarithms have grown large enough for the NLO cross
section to go negative and the fixed-order perturbative expansion to break down. In the
intermediate region in between, the fixed-order prediction can still be used, but the direct
scale variation does not provide a reliable uncertainty estimate as it does not properly take

into account the effect of the binning cut.

Ao¢p_j;: As shown in Table 3.1, the VBF category in the H — 7y analyses by ATLAS
and CMS includes a cut A¢g_;; > 2.6 radians (150 deg) (where the Higgs momentum is
represented by the total momentum of the diphoton system). Taking the beam direction
along the z-axes, A¢p_;; is defined as

_ (Prj1 + Prje) - PrH

CcoOS Ay _ii = - = = . 3.18
7 |DTj1 + DrjellPrH| ( )

Momentum conservation in the transverse plane implies that events with only two jets
always have A¢py_j; ~ m, so the constraint A¢p_;; > Aqb}}l_tjj forces the kinematics into
the exclusive 2-jet region and restricts additional emissions. Hence, it behaves similar to
p%lﬁjj and for 7 — Aq&}}l_tjj — 0 induces large logarithms in the perturbative series. The

exclusive 2-jet cross section in terms of Aqﬁi}‘fj j is written as
o2(Adrj; > APHY,) = 052 — 023(Adm; < AdHY;) (3.19)

with the remaining VBF cuts applied in all three cross sections. The right panel of Fig. 3.1
shows o2(Adp—j; > Agg;;) plotted as a function of m — AgF", ., where one can clearly
see the very similar behavior to the p%‘}lj ; case in the left panel. Here, the exclusive cut
on A¢p_j; starts having a noticeable effect below 7 — A¢p_j; < 0.6, and the fixed-order
perturbative expansion breaks down below around 71— A¢ < 0.2. In the transition region in
between, the direct scale variations again do not provide a meaningful uncertainty estimate,

because they neglect the effect of Acyt.

3.3.2 Inclusive Scale Uncertainties

The two fixed-order scale variation uncertainties we require as inputs are A%, and A%,.
In Fig. 3.1, one can already see that the scale variation is asymmetric at large values of
PPy and ™ — Agf . In Fig. 3.2, we show the scale dependence of the inclusive 2-jet

cross section, o>2, where we plot it over a range of 1/4 < p,/mp < 4 for three different
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values of puy. We take uy = p, = mpg, corresponding to the p,/mpg = 1 point on the
blue solid line, as our central value for o>2, and consider the range 0.5 < p,/mpy < 2 to
estimate the inclusive scale uncertainty. The maximum deviation from the central value is
given by the green dotted curve for puy = p, = 2mpy. We use this maximum variation to
construct a symmetric uncertainty AL, as shown by the uncertainty bar in the figure. It
corresponds to a relative uncertainty at NLO of 21%, which is similar to what was found in
earlier studies [28,44| where a somewhat looser VBF selection was used. The corresponding
uncertainty at LO is +76% and —40%.

0.3 —— : 0.6 —— 7 T 7 T T T
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Figure 3.2: Inclusive 2-jet cross section over a range of p,/mpy for ATLAS VBF selection (left
panel) and CMS loose selection (right panel). The three curves show different values of piy. The blue
solid, green dotted, and green dashed curves correspond to py = mp, py = 2mpg, and py = mg/2,
respectively. The uncertainty bars show the inclusive 2-jet scale variation uncertainty.

0.2 0.2 \.H TR T I T [T T T o T

\\\I.\\\\‘\\\‘\\\\‘\\\\‘\\\\.‘\\\\‘\\\\‘\\\\‘\\\\ gg%H+3J LOSTeV
gg9— H+3j (LO 8TeV) mH_125Ge(V :

myg =125 GeV

(Adg;) [pb]
=]

0.15

=
-
(<))

ATLAS 2-jet selection
mj; >400 GeV, An;; >2.8
H=mpg

ATLAS 2-jet selection
mj; >400 GeV, Anj;; > 2.
H=mpH

“

o>3(pFH,;) [Pb]
o
—

e
[e=]
(%)
g>3
e
o
(3]

\H\‘HH‘HH‘HH“\-\.\. ------ 0 L b T Tt SEETER = =
00 10 20 30 40 50 60 70 80 90 100 0 02 04 06 08 1 1.2 14

Pt [GeV] ™ A,

Figure 3.3: Inclusive 3-jet cross section as a function oprTuIYIjj (left panel) and m— A %}‘Ejj (right
panel) for the ATLAS VBF selection. The outer solid green lines show the inclusive 3-jet scale
variation uncertainty after symmetrization.

In Fig. 3.3, we illustrate the scale variation uncertainties for the inclusive 3-jet cross section,
o>3, for both p%lfljj and Agf)‘;}lﬁj ;» and using the ATLAS selection as example. (The results
for o> with the CMS selections look very similar except for the different overall scale.) The
blue solid line shows the cross section for p, = p1y = my, which we take as the central value
for o>3. The green dashed and dotted lines show the scale variations y, = p1y = mpy/2 and
pr = pp = 2mp, respectively. For simplicity, we symmetrize the uncertainty by taking half

of the difference between the up and down variations as the inclusive 3-jet scale uncertainty
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Figure 3.4: Perturbative uncertainties in the exclusive 2-jet cross section with the ATLAS VBF

cut cut

selection as a function of pTy;;; (left panel) and ™ — A¢H", ;. (right panel) for different choices of
the correlation parameter p. Our default choice is p = 0.

A’;3, i.e., we keep the size of the band and move it to be symmetric about the central blue
line, which is shown by the outer solid green lines. The relative uncertainty is of O(70%)
and almost independent of p%lfljj and Aqb%lfjj. This rather large uncertainty is not too

surprising, since this is a leading-order H + 3j cross section, which starts at O(a?).

3.3.3 Exclusive Uncertainty

Having obtained the perturbative uncertainties AL, and A%, in the inclusive cross sections
from the usual scale variation, we now study the resulting uncertainty Ao in the exclusive
2-jet cross section according to the discussion in secjetbinreview. From Eq. (3.14) we have

in general

A3 = (AL,)? 4+ (AL3)? —2p AL, AL, (3.20)

where p is the assumed correlation between AL, and AL,

Dependence on p

We first investigate the dependence on the choice of p. In Fig. 3.4 we show the uncertainty
in the exclusive 2-jet cross section as a function of p%uft[j j and Acb%‘ffj j for different values
of p from 0 to 0.95. The outermost solid curves show the uncertainty obtained with our
default choice p = 0, which effectively assumes that A%, and A%, are uncorrelated. For
p < 0.4 the results are not very sensitive to the precise value of p,_which is reassuring and

shows that p = 0 is in fact a safe choice on the conservative side.

As p increases further, the uncertainty bands in the transition region keep shrinking, and
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cut

for p = 0.95, shown by the innermost dot-dashed lines, pinch near p7y; 5 =30 GeV and
T — Aqb%lfj ; ~03. (For p = 1 the uncertainty goes exactly to zero around these points.)
This is because for p — 1, A‘;3 and AL, become 100% correlated, which is equivalent
to the case of direct scale variation. (T_he only difference compared to the direct scale

variations we saw in Fig. 3.1 is that here we symmetrized the scale variations.)

One can also see that for large cut values, where the veto is not relevant and we approach
the inclusive 2-jet cross section, the choice of p becomes irrelevant, because the absolute

size of AL, becomes numerically negligible compared to AL,

Comparison to Efficiency Method

Another prescription to obtain fixed-order uncertainty estimates for exclusive jet cross
section, which is based on using veto efficiencies, was applied in Ref. [24] to the 0-jet case
at NNLO. We will refer to it as “efficiency method”. In Ref. [52] it was shown that for
the case of H + 0 jets at NNLO the ST method and efficiency method yield very similar

uncertainties, providing a good cross check on both methods.

The starting point in the efficiency method is to write the exclusive jet cross section in
terms of the corresponding inclusive jet cross section times the corresponding exclusive

efficiency, i.e., applied to our 2-jet case,

0>3
0'2:0>2<1—;) =0>9 X €9,
Z 09 =z
o>3 =0>2 (1 —€2), (3.21)

where the logarithmic series induced by the jet binning now only affects the efficiency. The
basic assumption [24] one then makes is to treat the perturbative uncertainties in o>9 and
€2 as uncorrelated (which one can think of as a multiplicative version of the ST approach).
One should be aware that this method does not satisfy one of our starting conditions,
namely the total uncertainty A>3 for o>3 will not be given by its standard scale variation
A’g?) anymore. Nevertheless, it is a useful way to gain additional insights into the size of

higher-order corrections.

The 2-jet efficiency €2 = 1 — 0>3/0>2 is still an exclusive quantity. Similar cancellations
between the two perturbative series for o>2 and o>3 can happen in their ratio than in
their difference, so the direct scale variation for es might not provide a reliable uncertainty
estimate. To circumvent this, in Ref. [24] the perturbative uncertainty in € is instead
estimated by using three different schemes for how to write the perturbative result for e,

which are all equivalent up to the desired order in ag, but differ in the higher-order terms
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Figure 3.5: FExclusive 2-jet efficiency for different schemes in the efficiency method for p‘:}uﬁjj

(left panel) and ™ — A¢H";; (right panel) using the ATLAS VBF selection.

that are retained or not.

The inclusive 2-jet and 3-jet cross sections have the following perturbative structure

032 = 2[00 + as00) + a2 08 + 0(a?)]

0>3 = o? [asa(zg +aZ 0(2?3 + O(as)] . (3.22)

© () (0)

At NLO, the pieces we have available are 055, 035, and 033. In scheme (a) one defines the

efficiency by keeping the full expressions in numerator and denominator, which at NLO

gives
(0)
a0
(“):1—2:1—()7>3m+0(a§). (3.23)
0>2 O T Qs0%9

In scheme (b) one keeps the same number of terms in the perturbative series in the de-

(1)

nominator as in the numerator, which in our case amounts to dropping the oy, term in

the denominator,

Q)
M =1- Zf; +0(a?). (3.24)
U>2

Finally, in scheme (c) one strictly re-expands the ratio to a given order in «ay, which to
O(as) unfortunately yields the same result as scheme (b). To produce another expression
with differing higher-order terms, the closest scheme (c¢) analog we can do is to keep the

O(a?) cross term that comes from expanding the denominator, so

0 S
) =1- S0 ) (1 as (>2)> +0(a?). (3.25)
>2

In Fig. 3.5 we show the result for €5 in the three schemes for both pCTu}Ij ; and A %‘[‘t] ; using
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Figure 3.6: Comparison of the ST method with the efficiency method for p3y ;. (left panel) and
T — AgGY; (right panel) using the ATLAS VBF selection. The exclusive scale uncertainties from
both methods are consistent with each other. The uncertainties from the efficiency method are very
close to those from the ST method with p = 0.4.

the ATLAS VBEF selection. The central lines show the results for j, = 1y = p = my, while
the bands are obtained from varying p = {2,1/2}my in each scheme. At NLO the central
values from the three schemes are quite close and still lie within the direct scale variation
of scheme (a), so their difference does not provide a useful uncertainty estimate here. The
direct scale variation in scheme (b) is very small and in scheme (c) abnormally large (which
is very similar to what was seen in Ref. [24]). Hence, in the end the most reasonable choice

to get an uncertainty estimate for e is to just use the direct scale variation in scheme (a).

In Fig. 3.6 we compare the results of the ST and efficiency methods for the exclusive 2-
jet cross section oo for both pCTu;Ijj and Aqﬁ%‘fjj using the ATLAS VBF selection. The
blue solid curve shows our usual NLO central value, which is equivalent to the central
value from scheme (a). The light orange solid curves are the uncertainties obtained in the
efficiency method by combining the scale uncertainties AL, with the direct scale variations
in ega) treating both as uncorrelated. The dark orang_e solid curves show the default
ST uncertainties for p = 0, which are somewhat larger. The dashed lines show the ST
uncertainties for p = 0.4, which agree almost perfectly with the efficiency method. This
result is not surprising. Basically, to obtain the €2 scale uncertainty we vary the scales
correlated in o>2 and o>3, which has the effect of reintroducing a certain amount of
correlation between AL, and A, when considering o9, which is also what a nonzero value
of p does. Overall, the_good corzsistency between the various methods gives us confidence

in the reliability of our uncertainty estimates.
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3.4 Results

3.4.1 gg— H+ 2 Jets Cross Section

In this section, we present our results for the exclusive pp — H + 2 jet cross section via
ggF at NLO, taking ST with p = 0 as our method of choice to estimate the perturbative
uncertainties. All our inputs are summarized at the beginning of Sec. 3.3. The ATLAS,
CMS loose, and CMS tight VBF selection cuts we apply are summarized in Table 3.1.

praj; and A¢g;: In Fig. 3.7 we plot the result for the exclusive 2-jet cross section as a
function of p%uﬁjj and A ‘j}lfjj for the 7-8 TeV ATLAS, CMS loose, and CMS tight VBF
selections. In all our cross section plots the solid blue central line shows the central-value
prediction obtained from g = my, while the outer orange solid lines show our uncertainty
estimate. For reference, the green dashed and dotted curves show the direct scale variation

for p =mpg /2 and p = 2my, respectively.

The overall picture is very similar for all three VBF selections and both binning variables.
For large values of pCTu}Ij jorm— A(b%‘fj n the cross section o>3 that is cut away becomes
small and so the effect of A is negligible. In this limit the uncertainties reproduce
those in the inclusive 2-jet cross section, which here are determined by the pu = 2mpg
variation. On the other hand, in the transition region, once the exclusive cut starts to
impact the cross section, the direct scale variations cannot be used any longer to estimate
uncertainties, which is exhibited by the crossing of the lines. As explained in detail in the
previous two sections, the reason is that the direct scale variation only gives an estimate of
the yield uncertainties, which effectively assumes the scale variations in the inclusive cross
sections to be 100% correlated (corresponding to p = 1). At the same time it neglects the
migration uncertainty in the binning, which becomes important as the exclusive cut gets
tighter. In the ST procedure, this effect is taken into account explicitly, which thus gives
more robust uncertainties for all values of p$% jj or Agb%‘% 4
In Table 3.2 we quote results for the cross sections and their percentage uncertainties for
specific cuts. For A¢p_j; we use the current experimental value A¢p_j; > 2.6. Compared
to the 21% in the inclusive 2-jet cross section with VBF cuts (0>2), we see a moderate
increase in the uncertainty in o2(A¢g_j; > 2.6) to 26% for ATLAS and CMS tight, and
24% for CMS loose. For prpj; we use a representative value of prpj; < 30 GeV, for which
the uncertainties increase substantially to 44% and 49% for ATLAS and CMS tight, and
moderately to 28% for CMS loose. Note that for a fixed cut the uncertainties increase with
a tighter VBF selection. This is also clearly visible in Fig. 3.7, where the region where

the cross section drops and the uncertainties grow large moves to larger values of prp;; or
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Figure 3.7: FExclusive pp — H + 2 jet cross section via ggF at NLO for as function oprT“ISjj (left
panels) and m — AGG,; (right panels) for both ATLAS and CMS VBF selections.

T — A¢p_j;, going from CMS loose to ATLAS to CMS tight.
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Figure 3.8: FExclusive 2-jet cross section as a function ofp%“;”j with an additional cut A¢g_;; >

2.6 using the ATLAS (left panel) and CMS loose (right panel) VBF selections.

3.4.2 Combination of Exclusive Cuts

As the cases of A¢p_j; and prp;; already show, one has to be careful when cutting on
variables which effectively force the kinematics in the exclusive 2-jet region and induce
large logarithms in the perturbative series. Whether implementing a cut-based approach
or in multivariate analysis (MVA), it is important to take into account the uncertainties
induced by the exclusive restriction. As an illustration of the application of the ST method
to a more general case, we now consider the case where we combine cuts on both prpy;;
and A¢p;;. Later in Subsec. 3.4.4, we will discuss how to propagate uncertainties into
MVAs.

Specifically, we study the exclusive 2-jet cross section as a function of p$ i with an addi-
tional constraint that we select only events which already have A¢py_j; > 2.6. Following

Eq. (3.1), the corresponding exclusive 2-jet cross section can be expressed as
02(Adrjj > 2.6, prij; < pFirj;) = 0x2 — 023(A¢nj; < 2.6 or prj; > piiry;) - (3.26)

Taking p = 0 for simplicity, the corresponding exclusive uncertainty is now given in terms

of the uncertainties obtained by scale variation in the inclusive cross sections as

A3 (Ar; > 2.6, pruj; < piir;) = AL + AL (Adnj; < 2.6 or proj; > pPir;) -
(3.27)

In Fig. 3.8, we show o9 as a function of the p%u;[jj with fixed A¢p_j; > 2.6 for the ATLAS
and CMS loose VBF selections. As before, the cross section for y = mys is the central solid
blue curve and the green dashed and dotted curves show the result of direct scale variation
by a factor of two, while the outer solid orange lines show the uncertainties obtained from
Eq. (3.27). As shown in Table 3.2, for p3;; = 30 GeV we now get 56%, 31%, and 53%
uncertainty for ATLAS, CMS loose, and CMS tight, which is slightly increased compared
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Selection o [pb] Direct scale variation | Combined incl. uncertainties
p=mpg | p=2mg p=mg/2 ST (p=0)
ATLAS
0>2 0.21 +21%
oo(praj; < 30GeV) 0.15 —8% —29% +44%
02(A¢H_jj > 2.6) 0.19 —17% —4% +26%
oo(prmj; < 30GeV, A > 2.6) 0.14 —5% —45% +56%
CMS loose
0>2 0.41 :|:21%
oo(prmj; < 30GeV) 0.35 —18% 0% +28%
o2(AdH—j; > 2.6) 0.39 —20% +9% +24%
oo(prajj < 30GeV, Ady_j; >2.6) | 0.34 —~16% —4% +31%
CMS tight
0>2 0.12 :|:21%
oa(prajj < 30 GeV) 0.08 —8% —35% +49%
o2(Adp—j; > 2.6) 0.10 —19% —1% +26%
oo(prujj < 30GeV, Ady_j; >2.6) | 0.07 —7% —46% +53%

Table 3.2: Perturbative uncertainties at NLO in the exclusive pp — H + 2 jet cross section via
gluon fusion for cuts on praj; and A¢p_;; for both ATLAS and CMS VBFE selections.

to not having the additional cut on A¢p_j;. For large values of pCTUJEIJ j the uncertainties in

Fig. 3.8 correctly reproduce the exclusive uncertainties for Ay(A¢p_;; > 2.6) without the

cut on pTHjj~

3.4.3 Uncertainties in ggF-VBF Separation

The VBF production process is characterized by two forward jets with large rapidity sep-
aration and large dijet invariant mass. The VBF selection cuts used by the ATLAS and
CMS experiments enhance the VBF contribution, but a significant ~ 25% ggF contribution
remains. Since the VBF cross section is known rather precisely, an important source of
theoretical uncertainty in the extraction of the VBF signal is the large perturbative uncer-
tainty in the ggF contribution. After subtracting the non-Higgs backgrounds (which are
of course another source of uncertainty), the measured cross section for Higgs production

after implementing the VBF selection is given by
o AGEHY ) = oY P (AGSE,) + o5 (AGY,). (3.2)

For the purpose of extracting the VBF cross section, we effectively have to subtract the
theory prediction for UggF(Agb%ltj J) from aéneawred(AngC“t ). Therefore, the relevant figure
of merit is AcSE" (A¢ O3 )03 PF (AGG,), ie., the theory uncertainty in o2 measured
relative to the expected VBF cross section, oy BF In Fig. 3.9 we show the ggF uncertainty

relative to the VBF signal cross section over a range of p3¥,; Jj and A %‘[‘t] ; using the ATLAS
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Figure 3.9: Theoretical uncertainties of the ggF contribution relative to the VBF cross section
as function of p%“;[jj (left panels) and Aqbi}l_tjj (right panels) for the ATLAS VBF selection (top
panels) and CMS loose VBF selection (bottom panels). The solid orange lines show the perturbative
uncertainties in o55%, the green dotted lines a flat 20% parametric uncertainty in o5%°, and the
dashed blue lines both contributions added in quadrature.

and CMS loose VBF selections. In these plots, the solid orange curve shows our results
for the NLO perturbative uncertainties (corresponding to the orange lines in Fig. 3.7).
For comparison, the green dotted curve shows a fixed 20% uncertainty in the ggF cross
section, i.e., taking AaggF = 0.2 oggF, which for example could be due to PDF and a4
parametric uncertainties. Hence, the green dotted lines effectively track the size of the
ggF cross section relative to the VBF cross section (multiplied by 0.2). In the dashed blue

lines, both uncertainty contributions are added in quadrature.

In the region of low p%lflj jorm— Aqb%‘,lfj i the relative uncertainty coming from the ggF
contribution quickly increases below prpj; < 30GeV and m — A¢gp_j; < 0.4. This is de-
spite the fact that the relative ggF' cross section quickly decreases there, as can be inferred
from the decrease in the dotted green lines. In this region, the total uncertainty shown by
the blue dashed curve becomes completely dominated by the perturbative ggF uncertainty.
Hence, one should be careful when implementing and optimizing either indirect restrictions
on additional radiation, like A¢p_;;, or explicit pp-vetoes like prpj;, since the gain in sen-

sitivity in the Higgs signal from reduced non-Higgs backgrounds must be weighed against
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the increased theoretical uncertainty in separating the ggF and VBF contributions.
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Figure 3.10: Ezclusive 2-jet cross section over a range of m%lt for fized pra;; < 30GeV (left
panel) and fivzed App_j; > 2.6 (right panel) for the ATLAS VBF selection.
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Figure 3.11: Perturbative uncertainties of the ggF contribution relative to the VBF cross section
over a range of m??t for fized prr;; < 30GeV (left panel) and fized Apy_j; > 2.6 (right panel)
for the ATLAS VBF selection.

The perturbative uncertainties in the exclusive 2-jet cross section also depend on the chosen

VBEF cuts and increase with a higher cut on the dijet invariant mass, m;;. The reason for

this effect is that at higher m;; the effective hard scale in the process is also pushed higher
cut

causing the logarithmic corrections at a given value of Py, to increase. This is seen

explicitly in Fig. 3.10, which shows the exclusive 2-jet cross section over a range of mSut

33
using the ATLAS VBF selection for a fixed cut prpj;; < 30GeV or Agy_j; > 2.6, where

the curves have the same meaning as in Figs. 3.7 and 3.8. As expected, with a cut on
praj; < 30GeV, we see that the relative uncertainty in the ggF cross section grows for
larger m;; values, and reaches almost 100% for mj; = 800GeV. Note however that for
such large m;; cuts one might have to reevaluate whether y = my is still an appropriate
scale choice for this process. With a cut on A¢y_j; > 2.6, the relative uncertainty in
the ggF' cross section stays roughly constant for larger m;; presumably because this cut is

somewhat milder, which we also saw in the results in Table 3.2.

In Fig. 3.11 we show the ggF uncertainty relative to the VBF cross section analogous to
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Fig. 3.9. We can clearly see that in this case tightening the cut on m;; does improve
the separation of the ggF and VBF contributions, as the perturbative ggF uncertainty
relative to the VBF cross section, shown by the orange curves, decreases. In this case, the
overall reduction of the ggF contamination relative to the VBF cross section is stronger
than the increase in the perturbative uncertainties of the ggF contribution. Hence, care
must be taken when implementing and optimizing either indirect restrictions on additional
radiation, like A¢p_j;, or explicit pp-vetoes like prpj; or a central jet veto, and also in
applying more general cuts which restrict to the exclusive 2-jet region as in the case of

multivariate analysis.

3.4.4 Generalization to arbitrary cuts and application to MVAs

In this subsection, we will discuss a simple method to propagate the theory uncertainties
into multivariate analysis (MVA). This work was done in collaboration with the ATLAS
experimentalists Dag Gillberg and Florian Bernlochner and appeared in Ref. [53].

To apply our procedure of estimating uncertainties in jet-binning to MVAs, we need to
generalize our method to include arbitrary number of cuts. For this, the formalism of

Eq. (3.2) can be extended to further divide o>y into an arbitrary number of bins,

cut 1 cut 2 cut n

p do>y p do>y p do>n
O>N =/ dpn1 T +/ dpni1 —= +"'+/ dpni1 ——=
0 pN+1 pcutl de+1 pcutnfl de+1
= UN(pcut 1) +UZN+1(pCUt1,pCUt2) NN JZN_H(pcutn—l,pcutn) ) (3'29)

This splitting divides the inclusive N-jet cross section, o>y, into n bins, whose uncer-
tainties and correlations can be described by a symmetric n X n covariance matrix with
n(n+1)/2 independent parameters. To construct this covariance matrix we use the bound-

ary conditions that the inclusive cross sections o>y and o>n41(p®™*, 00) are uncorrelated,

t

which implements the ST procedure for a given p®*. This is not sufficient to determine

the complete matrix. For the remaining entries, a simple linear correlation model is used,

cut?
)

where the correlation k;; between o>n41(p o0) and o> n+1(p°*7, 00) is given by

|pcuti _ pcutj |

Hij:l_(l_’o)pcutn_pcutl :

(3.30)

The parameter p determines the strength of the correlations between the inclusive N +1-jet
cross sections for different pcut.
tested below by using the three different values p = {50%, 90%,99%}. As we will see, the

obtained uncertainty estimates are very insensitive to the precise choice of p.

The dependence on this underlying correlation model is
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Figure 3.12: Comparison of the exclusive pp — H + 2 jet cross section via ggF from MCFM and
POWHEG +PYTHIA8 H +0 jets as a function of m— A %}lfjj (where the cut value is given by the up-
per bin edges). Left: The normalized cumulant o2/0>2. The histograms show the fized-order results
from MCFM, corresponding to Fig. 3.7(b). The data points show POWHEG+PYTHIAS results for
different VBF selections, which only depend weakly on the precise VBF selection and agree well with
MCFM. Right: The relative ST uncertainties from MCFM (black solid histogram) are compared to
the resulting uncertainties (dotted histograms) after propagation to the POWHEG+PYTHIAS predic-
tion using Eq. (3.31). The resulting uncertainties closely agree with the MCFM input uncertainties
and do not depend on the correlation model assumed in the propagation. Figs. taken from Ref. [53].

ATLAS and CMS used POWHEG gg — H + 0 jets at NLO [54-56] to model the hard
scattering process, interfaced with PYTHIA8 |57] for modelling of underlying event, parton
showering, and hadronization. In the left panel of 3.12 we compare the normalized cumula-
tive cross section for different values of Aqﬁ%}‘fj j between POWHEG-+PYTHIAS and MCFM.
For both generators, the anti-k7 algorithm with R = 0.4 is used to reconstruct the jets,
excluding the Higgs decay products, and a typical VBF phase space selection is applied.
Here, the first bin, which encloses the IR sensitive region, must be chosen large enough to
ensure that MCFM can still be used to estimate its uncertainties using the ST procedure.
Based on 3.7(b) and 3.7(f) we choose the first bin as (7 — A¢p—j;) € [0,0.2]. The cumulant
shapes are in good agreement, also when the POWHEG+PYTHIAS VBF selection is varied.
When applying an exclusive 2-jet selection based on A¢p_j;, the uncertainty of the event
yield No from POWHEG+PYTHIAS can be estimated from

(AN2)2 = %: (AZ'Z-]- n;ng, @-j = ailajcij , Ny = Zz: n;, (3.31)
where Cj; denotes the covariance matrix, o; the predicted cross section in the interval of
the i*" bin, n; denotes the event yield of the Monte Carlo prediction in the i*" bin, and the
sum runs over all bins that define the exclusive 2-jet phase space one is interested in. To
construct Cjj, we use the MCFM uncertainties of Fig. 3.7(b) as inputs to the procedure
described above. The right panel of Fig. 3.12 compares the relative uncertainties calculated
from Eq. (3.31) for POWHEG+PYTHIAS for different correlation models, showing a good
agreement with the input MCFM uncertainties. Note in particular that the 2-jet inclusive

cross section uncertainty is recovered when calculating the cumulant over the full range of
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A¢r—j;. Eq. (3.31) is used in the following two sections to derive uncertainties for nonlinear

cuts on Agp_;; due to resolution effects and for selections based on a multivariate classifier.

In the context of a multivariate analysis, the effective cuts on A¢y_;; and pry;; introduced
by the nonlinear selection of phase space have to be studied carefully. In particular, if either
of the variables are used directly as learning input for the multivariate classifier, one has
to make sure that the final classification does not cut arbitrarily close into the infrared
sensitive regions, i.e. A¢y_j; — 7 and pryj; — 0. This can be prevented by transforming

either variable into an infrared safe form,

Ady = Apj;  if Admjj < AdEY;, = ) PTHI if praj; < pF;
H—jj = . THjj = .
Agft  if Admjj > AdEYs, PPy i prai; > pF;

(3.32)

allowing the multivariate algorithm only to exploit the normalization difference in the

infrared sensitive region of phase space.

The procedure of deriving the exclusive 2-jet cross section uncertainties using a multivariate
selection based on a boosted decision tree was mainly done by the ATLAS experimentalists.
In this, the decision tree was trained to distinguish VBF like events in H — ~v and to
reject prompt diphoton background. As input for background, simulated prompt diphoton
decays by SHERPA are used. The signal was simulated using POWHEG+PYTHIA8 for VBF
and ggF decays, both simulated at NLO. To all samples resolution effects were added using
the same simple normal resolution model as above. Six typical variables often used in VBF

analyses were chosen to train the decision tree.

Fig. 3.13(a) shows the distribution in A¢pg_j; for the simulated background and signal
decays. VBF events produce a topology which causes the Higgs and dijet system to be
more back-to-back than background and ggF events. The multivariate method will make
use of this to select a signal enriched region of phase space, and cut into this distribution.
Fig. 3.13(b) depicts the m., invariant mass distribution before and after a cut on the
multivariate classifier, illustrating the effect of the smearing model. Fig. 3.13(c) shows
the classifier Oyva: VBFE signal peaks near the positive values, and background and ggF
accumulates near negative values. Finally, Fig. 3.13(d) depicts the ggF A¢py_j; spectrum
for a progression of cuts on the classifier. The curves were normalized to have the same
number of events in the region of 0 — 0.2, which corresponds to the cutoff value used in
Eq. (3.32).

Cutting on the classifier separates the inclusive 2-jet cross section into an exclusive 2-jet and
an inclusive 3-jet part, similar as with a rectangular cut on A¢y_;; or pryj;. In Tab. 3.3

we list the uncertainties calculated from Eq. (3.31) for a progression of cuts and different
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Figure 3.13: Signal and Background distributions of the multivariate selection: 3.13(a) shows
Aor_j; for background and VBF signal; 3.13(b) depicts the invariant diphoton mass spectrum for
diphoton background (grey), ggF (red), and VBF (blue) before and after an arbitrary cut on the
multivariate classifier. 3.13(c) depicts the multivariate classifier constructed from the siz input
variables for background, ggF, and VBF following the same color code. 3.13(d) shows the A¢p_;;
distribution without any cut, and a progression of cuts on the multivariate classifier, also quoting
the uncertainties on the integral obtained using Eq. (3.31). Figs. taken from Ref. [53]

slopes for the linear correlation model: Harder cuts on the classifier translate into a tighter
nonlinear selection in A¢p_;; phase space. As expected, this increases the exclusive 2-jet
cross section uncertainty. The progressive harder cuts have a flat efficiency in A¢py;
above the threshold of 0.2 (i.e. cut into this region without changing its shape), which is
important to obtain reliable uncertainties from Eq. (3.31). The dependence on the actual
details on the linear correlation model is small: Changing the bin-by-bin correlations of the
inclusive 3-jet cross section phase space by varying p from 50% to 99% has a practically

negligible effect on the estimated uncertainty.

The method described here was used in the ATLAS H — v measurement [58|, to de-
termine the uncertainties for the two used VBF MVA selections. The uncertainties found

there were 28.3% and 48.4% for the loose and tight MVA category, respectively. The same
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Table 3.3: Relative perturbative uncertainties at NLO for gg — H + 2 jets after applying a
selection on the multivariate classifier Oppya. The uncertainty is calculated using generator level

A¢H—jj~

Cut Acs/os (p=50%) Aoy/oy (p=90%) Aocs/os (p=99%)
no cut 21.0% 21.0% 20.9%
Onva > 0.2 26.6% 26.8% 26.9%
Owmva > 0.6 34.3% 34.6% 34.7%
Onva > 0.8 40.8% 41.1% 41.1%

approach applied to the CMS MVA analysis [59] at reconstruction level gives an uncer-
tainty for the tight category of about 40%, which is similar to the ATLAS result. Our
procedure of estimating theory uncertainties was used in the ATLAS VBF analyses in
H— ZZ — 1Tl qq in [60] and H — v in [61-63].

3.5 Conclusions

The exclusive H4-2-jet cross section for Higgs production via VBF is a key ingredient in
determining the Higgs coupling to gauge bosons. The typical VBF selection cuts used by
the ATLAS and CMS experiments include either indirect or direct restrictions on addi-
tional emissions in order to enhance the VBF signal over non-Higgs background and ggF
contribution. Such restrictions introduce a nontrivial jet binning, where the inclusive 2-jet
cross section (o>2) is effectively divided into an exclusive 2-jet bin (o3) and a remaining
inclusive 3-jet bin (0>3). With such a jet binning one has to account for two sources of
perturbative uncertainties. In addition to the absolute yield uncertainty which is corre-
lated between the jet bins, there is also a migration uncertainty which is anticorrelated and
drops out in the sum of the bins. This migration uncertainty is associated with the per-
turbative uncertainty in the logarithmic series that is introduced by the exclusive binning
cut. As the binning cut becomes tighter, the logarithms grow large and eventually lead to
a breakdown of fixed-order perturbation theory, at which point a logarithmic resummation
becomes necessary. In practice, the experimentally relevant region typically lies inside the
transition region between the fully inclusive region (no binning) and the extreme exclusive
region (very tight binning). In this region, fixed-order perturbation theory can still be
applied. However, since the logarithms are already sizeable, one has to explicitly take into

account the migration uncertainty. This can be achieved using the ST method.

In this chapter, we studied in detail the application of the ST method for estimating NLO
perturbative uncertainties in pp — H + 2 jets via ggF', including its generalization and
validation against alternative prescriptions. We find that the perturbative uncertainties

are very sensitive to the exclusive cut and can quickly become sizeable. While applying
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a strong restriction on additional emissions is expected to increase the sensitivity to the
VBEF signal, it is not necessarily beneficial for distinguishing the VBF and ggF production
modes because of the quickly increasing ggF uncertainties. Hence, it would be important
to include the perturbative uncertainties as a function of the binning cut when optimizing

the experimental selections.

We also considered the extension of the ST procedure to arbitrary number of cuts, where
to construct the covariance matrix, we assumed a set of correlation relations between the
N+-1-th jet cross sections for different values of the binning cut. We compared the exclusive
pp — H + 2-jet cross section via ggF from MCFM with POWHEG+PYTHIA8 H+0 jet cross
section as a function of m—Ad¢p_;; cut and found good agreement. We also found agreement
between our uncertainty estimates from MCFM and from applying our covariance matrix
to POWHEG+PYTHIA8. As an application to MVAs, we studied the relative perturbative
uncertainties at NLO for gg — H + 2 jets after applying a selection on the multivariate
classifier and found that tighter selection cuts result in an increase in the exclusive 2-jet

cross section uncertainty.

In principle, by performing a higher-order logarithmic resummation, one can gain addi-
tional information, which allows for refined perturbative predictions and uncertainty esti-
mates, however it is technically more demanding for the exclusive H + 2—jet cross section.
Our analysis of NLO uncertainties provides an important baseline for future studies and
can be extended to estimate uncertainties in fixed-order cross sections as well as resummed

predictions for different exclusive Higgs production processes.

For any exclusive jet cross section measurements at the LHC, jet vetoes play a crucial
part of the signal selection. In the following chapter we will discuss in detail the different
jet veto observables in particular rapidity dependent jet vetoes and the factorization and

resummation properties of such observables in the framework of SCET.



Chapter 4
Rapidity dependent jet vetoes.

This chapter is based on my work in [12]. In this chapter I will introduce rapidity dependent
jet vetoes and discuss their factorization and resummation properties in SCET. I will obtain
resummed predictions at NLL'+ NLO for the gluon fusion H+0-jet cross section with these
type of jet vetoes. For one of the jet-veto observables, we also compare our numerical
predictions with the differential cross section measurement by ATLAS in the H — ~v

channel and find good agreement.

4.1 Introduction

The jet-like characteristics of hadronic final states in an event can be described using
‘shape variables’. The idea is to define a quantity which describes the shape of an event,
for example whether the distribution of hadrons in the final state is pencil-like, planar,
spherical etc. The procedure is to define a kinematic observable X which measures a
particular aspect of the shape of the hadronic final state and to theoretically predict the
differential distribution do/dX and compare with the measurements. Some examples of

event shape observables are

Thrust : T" = max M .

3 o
C-parameter : C' = @ Z |pTz|
i

2coshn;

. 2 .
N-jettiness : Tn = o2 me{qa “Pis Qb Pir Q1 Pir G2 Pie-} -
[

1 :
beam thrust : 75 = 0 ZZ: min{q, - pi,qp - Di } - (4.1)
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Here qq4, q» and q1...q, are a fixed set of massless reference momenta for the two beams and
the N signal jets. For almost collinear energetic jets, p; lies along the direction of ¢;. For
the case of ete™ — qq, T = 1 for two pencil-like jets and T' < 1 for events with additional
jets (>2) in the final state. The kinematic range for C' parameter is 0 < C' < 1, with C' =0
for a perfectly two-jet-like final state and C' = 1 for an isotropic distribution of final-state
momenta. For an event with at least NV energetic jets, N-jettiness 7 [64,65] provides
an inclusive measure of how N-jet-like the event looks. In the limit 7y — 0 the event
contains exactly N infinitely narrow jets and for 7y ~ 1, the event has hard radiation
between the signal jets. Requiring 7y < 1 constrains the radiation outside the signal and
beam jets providing an inclusive way to veto additional central jets. Beam thrust 75 is the
limit of 7y for processes where there is initial state radiation (ISR) from incoming partons
but no final state jets N = 0 (eg: Drell Yan, Higgs+0-jet). Thus beam thrust provides a

continuous measure of the zero-jettiness of an event.

Jet veto observables can in general be distinguished into two classes, inclusive and jet-
based. Inclusive variables, such as the ones defined above, do not depend on a specific jet
algorithm or jet size. Instead, they sum over all hadrons in the final state, and provide a
global view of the event, effectively measuring the sum of all emissions. For such inclusive
obseravables, the resummation has been performed upto NNLL and there are no issues
for extending to higher orders. However, experimentally it is challenging to measure or
contrain such inclusive observables due to pileup, underlying event and other issues. The
solution is to use jet-based observables which are more straightforward because they are
based on clustering final state hadrons into jets J(R) of radius R using jet-algorithms like
kr [66,67] or anti-kr [68]. They provide a local view of the event and measure emissions
locally with an effective “resolution” size set by R. A common choice in current experiments
is pjﬁt with jets constructed using anti-kp algorithm. On the theory side, however, the jet-
algorithm dependence renders the resummation structure of jet-based observables more
involved at higher orders. Depending on the size of R, there are competing effects due
to clustering starting at O(a?) which can spoil the logarithmic resummation but we will
discuss more about such effects in Sec. 4.6 and compute them in chapter 5. We will mainly

focus on the jet-based observables from now on.

While a veto on additional jets can be desirable in many contexts, the application of a tight
jet veto is usually subject to both theoretical and experimental limitations. Theoretically,
applying a tight jet veto leads to Sudakov double logarithms of the jet-veto variable in
perturbation theory, which as the veto gets tighter (smaller veto cuts) become larger and
dominate the perturbative series, leading to increased theoretical uncertainties in the fixed-
order (FO) predictions [41]. This can be remedied by resumming the jet-veto logarithms
to all orders [23-25,64,65,69-75]. This of course requires the considered jet-veto variable

to be resummable and under good enough theoretical control.
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Experimentally, jets can only be robustly reconstructed down to some minimum pr, which
limits how low one can go in the jet veto cut, i.e., how tight one can make the jet veto.
Furthermore, in harsh pile-up conditions low-pr jets are particularly hard to identify at
forward rapidities (beyond |n| > 2.4), when a large part or all of the jet area lies in a

detector region where no tracking information is available.

In principle, one possibility would be to place a hard cut on the (pseudo)rapidity n; of
the classified jets, i.e., one only considers and possibly vetoes jets within a certain range

cut| - Theoretically, such a hard rapidity cut represents a

of central rapidities, n; < |n
nonglobal measurement. This means that a priori it is not clear how to incorporate it into
the jet-veto resummation at higher orders, and none of the present jet-veto resummations
for pr; actually includes such a rapidity cut. Another option, which avoids a hard rapidity
cut, is to raise the cut on prj, and thus loosen the jet veto everywhere. Clearly, this may

also not be ideal since one now looses the utility of a tight jet veto for central jets.

Here, we discuss a class of jet-veto variables which explicitly depend on the jet rapidity

1
Yj,

7}j = PTy f(yj) ) (4'2)

where f(y) is some weighting function of the jet rapidity. By classifying jets according to
T7; and only allowing jets with T7; < T, we effectively have a rapidity-dependent veto

on prj,
cut

S Fy)

If the weighting function f(y) is chosen as a decreasing function of |y| this corresponds to

(4.3)

a veto which gets tighter at central rapidities and looser at forward rapidities. Effectively,
the contribution of forward jets is smoothly suppressed by the weighting function f(y;). At
the same time, f(y;) can be chosen such that explicit theoretical control is maintained. In
fact, all the variables we discuss can be resummed to a similar (and possibly higher) level
of precision as prj. In this way, one can largely avoid the theoretical and experimental
limitations discussed above. (Of course, the lowest 7y; values that can be measured are

ultimately still limited by how well central jets can be measured.)

Apart from such practical considerations, given the usefulness of jet binning, it is clearly
beneficial to have several alternative and complementary ways to perform it, as this gives
the experiments a wider range of options for optimizing their analyses. One could even
optimize the form of f(y) to the needs of a given analysis. On the theoretical side, it allows

one to test jet-veto resummations in different and as of now unexplored regimes. Note that

'We consider the exact jet rapidity y; in the following, though the difference between n; and y; due to
a nonzero jet mass is not important to our discussion, and in principle either could be used.
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two special cases we have already discussed above are no weighting, f(y) = 1, for which

T; = prj, while f(y) = 0(|y| < y°*) is equivalent to a hard cut on the jet rapidity.

This chapter is organized as follows: in Sec. 4.2 we will define the weighting functions
for the four different rapidity dependent jet veto observables, Tjet, Téitm, Téet and Téectm
In the next Sec. 4.3, we will compute the NLO cross section for pp — HX differential
in the rapidity-dependent observables using fixed-order perturbation theory. In Sec. 4.4,
we will review the basic structure of SCET including the ingredients and the Lagrangian.
We will then derive the factorization formula for the generic process pp — LX differential
in inclusive beam thrust and discuss the factorization for H-+0-jet cross section with a
veto 7;3.% < T in Sec. 4.6,. In Sec. 4.7, we will discuss the scale hierarchy between
the factorized components, RG evolution and the structure of the resummed cross section.
We will then provide the various inputs required to compute the NLL’' resummed cross
section in Sec. 4.8. Having obtained the resummed results, in Sec. 4.9 we will compute the
nonsingular corrections to the resummed cross sections using the NLO differential cross
section computed in Sec. 4.3. These corrections are important to match our resummed
cross section to the full fixed-order result. In Sec. 4.10, we will discuss how to estimate
the perturbative uncertainties in our resummed cross section predictions extending the
ST procedure discussed in chapter 3. And in Sec. 4.11, we provide numerical results at
NLL/+NLO for the H+0-jet cross section with 7 and To-type vetoes and compare our
theory predictions with ATLAS measurements. We conclude in Sec. 4.12.

4.2 Rapidity-dependent observables: 7" and 7

Given the set of jets, J(R), identified by some jet clustering algorithm, we define

jet
= . 4.4
p]T jleng%}}%) pryj (4.4)

as the largest pr; of any jet. Requiring p];t < pS*t vetoes any event having at least one jet

with pr; > p§*. The so-defined 0-jet cross section then consists of events where all jets
have ppj < p§™. It is important to note that despite that fact, this does not actually require

cut

one to reconstruct jets with pr; < p7*. Rather, one only has to be able to reconstruct jets

with pp; > p§* which are to be vetoed. The resummation for a veto on p];t is known to

NNLL and partially beyond [24,25,69-71, 74].

For simplicity, we explicitly consider the 0-jet bin in the following. The extension to an
N-jet bin is obtained by simply removing from the set J(R) the N identified jets that have
been selected as the “signal” jets. pl_,‘ft is then defined as the largest pr; of any additional
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Figure 4.1: Left: Illustration of rapidity weighting functions for Tg; (orange), Tc; (green), and
pr; (blue dashed). The blue dotted lines show a fized cut on the jet rapidity. Right: Phase-space
region in the pr; — y; plane selected by the different jet-veto variables. (Here we take Y = 0, so

Tej = TBemj-)

unwanted jet (i.e. from additional initial-state or final-state radiation), which are to be

cut

vetoed by requiring p];t < p§it.
We can generalize this to 7;; by defining

T = max T;; = max |pr; ). 4.5
f jed(R) fi Jed(R) 5] f () (4.5)
We now distinguish between the 7;; value of any given jet j and 7?“, which is the maximum
T;j of all jets (or all additional jets for the case of N selected signal jets). In particular,
the “leading” jet is now determined by 7;; and not by ij.Q We can then classify events

into jet bins according to 7?“ and define a 0-jet cross section by requiring
T < T, (4.6)

which consists of events where all jets have Ty; < 7. The corresponding inclusive 1-jet
cross section defined by requiring 7}jet > T consists of all remaining events that have at
least one jet with 77; > 7", Similar to the p';ft case, this 7;3.% binning now requires one
to be able to reconstruct jets down to Ty; > T, while jets below 7" do not have to be

reconstructed.

The four jet-veto variables we consider in the following are defined with their respective

2In principle, one could also measure the Ty; of the leading-pr jet. However, using this as a jet veto
would make things much more involved and we will not consider such mixed cases.
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weighting functions as follows:

To: fly)=e 77, (4.7)
Tch : f(y) = e_‘yl ; (48)
To: fly) = 2cosh(1y—Y)’ (4.9)
Teem: fly) = QColshy (4.10)

Here, Y denotes the rapidity of the hard system. For the O-jet case, this is equivalent
to the nonhadronic final state, i.e. Y is the vector-boson rapidity for Drell-Yan or the
Higgs-boson rapidity in gluon-fusion Higgs production. By including Y in 7g and 7¢, the
variables become longitudinally boost-invariant.® On the other hand, Tgem and Toem are
explicitly defined in the hadronic center-of-mass (cm) frame, i.e. the lab frame, which has

the advantage that one does not have to reconstruct Y.

The different rapidity weighting functions are illustrated in the left panel of Fig. 4.1 by
the orange (7p;) and green (7¢;) lines. For comparison, the blue dashed line shows the
case of pr;j (f(y) = 1) and the blue dotted line a hard rapidity cut. The weighting ~ e~ 1Y/
for Tp; is the same as that for inclusive beam thrust, so we can think of 7p; as the beam
thrust of a single jet and Téet as the maximum jet beam thrust (which was first discussed
in Ref. [70]). The rapidity weighting for 7¢; is the same as that for the C-parameter event-
shape in ete™ — dijets. It becomes equal to Tp; at forward rapidities, while at central
rapidities it is much flatter and approaches pr;/2 for y; = 0. Experimentally, this has the
advantage that Téet can be measured to much smaller values. The region in the pr; — y;
phase space selected by the different variables is illustrated in Fig. 4.1 on the right. The
lines correspond to the given fixed value of T¢;. They separate the “0-jet” region (colored),
where the jet would be allowed by the corresponding jet-veto cut, and the “l-jet” region

(uncolored), where the jet would be vetoed.

The strict exponential weighting for 7p; is distinguished by the fact that 7p; is related to
the small light-cone component with respect to the beam axis of the total jet momentum.

More precisely, including the nonzero mass of the jet, m;, we have

prje " = 17| = |pl.,
mr; el = \/me_lyj| = Ej — [pzl.- (4.11)

Either of these variants can be used as alternative definitions of Tpem (and analogously

3They can be thought of as being defined in the frame where Y = 0, and in all other frames by boosting
from that frame.
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for Tp), if this is desired or turns out to be advantageous for their experimental measure-
ment. Theoretically, all of these are distinct variables which however have a very similar
logarithmic structure at small ’Tget. The different treatment of the jet mass amounts to
having different jet clustering corrections for each variable and can be taken into account
systematically. They start entering at O(a?), which is beyond the order we are currently

working at. We will compute them in the next chapter.

The analogous discussion holds for 7 (cm), which including nonzero m; can be defined in

terms of either combination of pr; or mr; and n; or y;. Explicitly,

2
prj b7
2coshn;  2|p;|’
2 2
mry o T (4.12)
2 cosh y; 2E; '

Again, either of these variants could be used as alternative definitions of 7¢;. The AT-
LAS measurement [38] uses the last variant above in the Y = 0 frame, ie., T¢; =
mr;j/[2cosh(y; —Y)].

Note that 1/(2coshz) = 1/(e® +e~*) — e~ 1l for large ||, such that at forward rapidities
Tc; has the same behavior as 7p;, as seen in Fig. 4.1. For this reason, its logarithmic
structure is closely related to that of 7p;, and in particular the same technology can
be used to resum it to the same level of accuracy.” The same reasoning also applies
more generally to any (continuous) weighting function f(y) that approaches e vl at large
rapidities. This gives considerable freedom in choosing other alternative rapidity weighting

functions yielding resummable jet-veto variables.

4.3 pp — HX process at NLO

The full H + 0-jet cross section differential in the Higgs rapidity Y and with a cut on

7;3.“ < T can be written as

doo
dY

. dogLesum .
(7}]et<7~cut) — O-((i)Y (7?et< Tcut)+

nons
dog

+ (T;et < Ty, (4.13)

where the first term contains the resummed logarithmic contributions, which dominate at
small 7", and the second term contains the “nonsingular” corrections, which are sup-

pressed relative to the leading terms by O(7" /my) and vanish in the limit 7" — 0.

4 Analogously, in the context of e*e™ — jets, the C-parameter event shape is closely related to thrust,
which makes it comparably easy to resum to the same high order as for thrust [76].
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The cross sections also depend on the jet algorithm and jet radius R, which we suppress

here to keep the notation simple.

In this section, we will compute the NLO pp — HX cross section differential in rapidity
Y and the above defined 75 and To-type jet veto observables. This fixed-order result is
required as an input to extract the nonsingular contributions, which are important at large
TCU to reproduce the right inclusive cross section. The nonsingular corrections will be

computed using subtraction method in Sec. 4.9.

Let us consider a process where a pair of hadrons of momenta P, and P, collide producing a
Higgs boson H with a momentum ¢ and a number of other particles with a total momentum

px. Momentum conservation then reads
P,+P,=q+px. (4.14)

A factorization formula relates this hadronic process hohy, — HX to the partonic process
ab — HX' as discussed in Sec. 2.2. Here a and b are partons of momenta p, = &, P,
and p, = &P, and X’ stands for the final state particles except for the Higgs boson. The

momentum conservation for the partonic process is
Pa+po=q+7Dx- (4.15)
where
Px=Pot Po—q—(1-&)P—(1-&)F. (4.16)
The total energy in the center-of-mass system of the two colliding partons is
5= (pa+m)* = EboEom » (4.17)

where B2 = (P, + P,)?.

Light Cone Coordinates and Kinematics : The natural coordinates for particles whose
energy is much larger than their mass are the light-cone coordinates. The light-cone basis

vectors n and 7 satisfy the properties
2 _ _2 _—
n“=0, n"=0, n-n=2. (4.18)
The natural choice is to take 7 in the opposite direction to n and have

n* = (1,0,0,1) , a*=(1,0,0,—1). (4.19)
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A standard 4-vector in the light-cone basis is represented as

u nt nt 1
P :En-zﬂ—?n-p—kpr (4.20)

A momentum in these coordinates is represented by

P =0t .pl), (4.21)

where the last entry is two-dimensional and the Minkowski pi is the negative of the Eu-
clidean p%. We define
T=n. T =n- (4.22)
p n-p, p n-p. .
Assuming that the mass of the incoming protons is negligible compared to F¢y, and n, and

ny are the light-cone vectors aligned with the beam directions, we can define the momenta

of the incoming protons as

ECHI ECII]

Pt = 5 nk , Pl'= 5 ny'. (4.23)
The boson momentum can be written as
" - ng + ng 18 M
(=4 5 Hd S =g . (4.24)

In the hadronic center-of-mass frame where P, + P, = 0 we can define

Py = Eew(0,1,0) Py = Een(1,0,0) q=(q"q",q1),
Pa = (Oap(;a O) = (OafaEcrrhO) ) Py = (pg_v 07 0) = (ngcm> an) . (425)
where the components of ¢ satisfy Q* = ¢Tq~ — |7?].

The factorization formula for such a process is given by

Ohahy—HX = Z/dfadibf(a/ﬂ) (&a) fioy 1) (§6) AT ab—s 11 x (€as &) 5 (4.26)
ab

where f,gh) is the renormalized PDF of the parton k in the hadron H evaluated at the scale

p?. The partonic cross section for this process is given by
. I —
Oab = %‘MCL()| doz , (427)

where | M 4|? is the matrix element squared, 8 is the flux factor and d¢s is the phase space
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factor. The phase space factor for ab — Bk where k is a massless particle, is

L0 L o) (s + ) — (a4 DICTIGE — QIRRIGD) . (428)

92 = am)i 2myt

Writing the above expression in terms of the light-cone coordinates

A ZWWZ —q —p )o(py —q" —p )L — 7L)0(¢ — Q*)S(p*)dpTdp~
d?pdgtdgd*q,
—2(217T)25(pa —q~ =p ) —a" —p")dlgTaT —ptpT = QTP — L)
dp™dp~|pL|d|pL|ddg dg™
:4(;7r)5(p“ —q —p)dpf —q" —p")é(aT g —ptp — Q)dptdp~dg dg*

(4.29)

Inserting the above phase space factor in Eq. (4.27) yields

1 1

a M |20 tep)o(oy —am —p)o(aFa — ¢ — m¥)dg*dg~dp*dp~
Tab = 167r5a§E2’ o?0(p —a" = p")o(pa —a” —p7)d(ata™ —qt —miy)dgTdgdptdp™,
L BTaPo(6 — 2 - 57)5(6 — 5 — )3 (a0 — Y5 — Il ) dsdmudid*
ERTCI N @~ T a 72 )t
(4.30)
Here
_+ +_ ~
i 4’ - _ P Lab
0 = , = : p =222 1.31
Tab Eor, p Eorn Zab é_mb ( )

Inserting this in the factorization formula, the differential cross section can be written as

do 1 rdgdg e o
di‘adj}bdﬁ"'_d]ﬁ_ _167TEC2m gg a(ga)fb(fb)‘Mab’ 5(&) —Tp — P )5(£a — Xgq — P )
2
- o A m
5(acbxa —pp — E2H> ) (4.32)

The rapidity Y of the Higgs boson is defined as

1. ¢ 1.
YzilogquglOg?b then
Tobem = q = Qey y TpFem = q+ = Qe_Y (433)

Using the definition of ¢/, and p; in Eq. (4.24), Eq. (4.33) and Eq. (4.20) , the beam thrust
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(a)

Figure 4.2: Feyman diagrams for pp — H at NLO. Diagram (a) is g¢ — Hq or gqg — Hg
channel, Diagram (b) is q¢ — Hg channel and (c) has four possible diagrams for gg — Hyg.

observable in Eq. (4.1) can be expressed as
1 1
= 5 2 Prlmin{e” ey = 53 Tminfple’ pie ). (430
k k

Note that 7 = Q7. The first equality rightly reproduces the f(y;) defined for 7 in
Eq. (4.7).

To get the cross section differential in 7g and Tgem we insert a measurement function of

the form

1 :/dTch[(S(Tch —p+)9(p_ _p+) + 5(7-ch —p_)e(p+ - p_)} )

1 z/dTB[5(TB — e pN)o(e ™ pm — e pT) +8(Ts — e p)o(e pt —e Y pT)]. (4.35)

4.3.1 Higgs Production matrix elements

We obtain the tree level matrix elements for H + 1—jet cross section, ab — Hk, where a,
b and k are either quarks, antiquarks or gluons, from the tree level hard function in [26].
The partonic channels for the Higgs production are g¢ — Hq, g¢ — Hq, q¢ — Hg and
g9 — Hg as shown in Fig. 4.2. Considering a and b as the initial state partons we introduce

the notation,

Sab = 2Pa-Pb = 28 B2 = 8,
Sak = 2Pa-Pk = 2Pa-(Pa + Pb — @) = 2Pa-Pp + 2Pa-q = 5 — 82,
Spk = 2Pp-Pk = 2Pp-(Pa + Db — q) = 2Pp-Pa + 2Pp.q = 5 — 524 . (4.36)
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The amplitudes for different production channels are

gq — Hqor gg — Hq

8avs(1)3CaCF \fo

Myl = (5crmiRd v B2
Ml = g e O\ zial| |2
_ ﬂGfas(M)3 = 2— 2z, + Zb (4.37)
367 2(—1+20)(—1+ 24+ 2p) '

qqg — Hqor gg — Hq

8as(u)3CACr  V2Gy

Va? = (v rniRdiv-rmiBl
o o N\ ]| Tl

_ V2Gras(p)’Cr 2 -2z + 2 (4.38)
367 21+ 2p) (1 + 24 +2) |
qq — Hg
% = 8a(1)*CaCr \fo <‘ ‘ ’ ‘ )
e 97 \/ZITb \/2|Tb
_ ﬂafas<u>3cF < — 2%t 2 — 22 + %) (4.39)
367 —1+z,+ 2 . '
99 — Hg

160,(0°C4Cr V3G

R 2

Vl” = (e + [+ [
Im ANE = 12\ \/2f sapsak stk 2|5ab5ak5bkz 2[SakSabSkb

)

2 ’ )

2

S
4 ‘¢
V2| SkbSkaSba

V2G ag(p)® 1 [ 4 2
= 2+ 2 — 4z + 627 — 420 + 2
36 (—1+ 2a)(—1+ 2)(—1 + 24 + 23) o T LIS TR A
23(—4+22,)22(6 — 62 4 327) + 2a(—4 + 62, — 627 + 225’)} : (4.40)

4.3.2 Cross section differential in 7z,

Inserting the measurement function for Tpeny in Eq. (4.32) we get

3
dfcadgbflTBm 167TE2 CZCZ)f )fb( )/ pu\b{;b| (?b_”?b_ 753)
5(22 — 20— 2 )5 (avta - o~ Yo )] +

[ ()2 [ *”213’)' i(G-me )

(5 3o ol = T R - T - )
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Changing variables to dQ? and dY and performing the dp~ integral using the delta function

(the result for the dp™ integral is similar with a and b exchanged) we get

3 ~ AT 12
dQQdi/ZlTBm 167rE2 Czﬂzbf )f (ZZ) { u\g;i' 5<1 B ?jjﬁ)
o1~ Ton (20) gg)e(l = B 4o}
(4.42)

Performing the z, (or zp) integrals we have

3o 1 dza , (Ta Eemp + TBem 5 1
= — Ja\ - Ma T~ ~9
dQ?dY dTpem  167E2, / 2 (za)fb< Eem )‘ o 2

Tp _ 5<1 . TBem (1~_ Za) . m%{)0<1 — oz — Ecmﬁa)_’_
TBem + Eem®y Eon  Tpza Q cmZaq
dz, (Ecmja + Tch) (t'i‘b) =712 Zaq 1
&<b ¢ (Zemba T JBem LN I
/ Zp fa Eem fb Zb | ab‘ TBem + Eema Egmi‘aig
TBem (1 - Zb) m%{ TBem2b
5(1— — %) )9(1—2 —f). 4.43
Een  Zazp Q2 b Eem®y ( )

Now we perform the Q? integral

d’c 1 dz, Tq Eemxy + TBem 1 TBem Za
g () Bt T 1 T
dY dTBem 167TE2 Za Za Ecm TBem + EemTs EenmTa

_ ai emZa pem g
T g )+ [ (BT ()

: Za | Ma| 9<1 TA T TBCIH*Zb) (22‘ij - TBjj(lei zb)e*YEcm>

TBem + Eem EenmTy
(4.44)
where

B (=
224 2 Za
1—z)e Y 1 1—zp)e Y2

Q; = Tpaml Zzp)e”” | 1 (Tch( 2)e )+ dm3 (4.45)
2z 2 Zb

After expressing &, and @ in terms of Q and Y as &, = Qe¥ and &, = Qe Y, the left over
z integral can be performed numerically over the PDFs (using LHAPDF) and the resulting
H+0-jet cross section differential in rapidity Y and 7Tpgem is obtained.

The steps that lead to the cross section differential in rapidity Y and each of the Tjet, 'ch,et
and T(intm observables are analogous and the calculation is shown in App. B.1, App. B.2

and App. B.3 respectively.
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4.4 Introduction to SCET

We will now review the basic structure of SCET and the general structure of the factor-

ization formulae and resummation in this framework.

A typical proton proton collision process at the LHC involves physics from very large
energy scales down to very low energy scales and in such cases Effective Field Theories
(EFT) can be used to describe physics at different scales. Broadly, in any collision process
at the LHC, there are two scales involved, the momentum scale of the hard interaction @
and the scale of hadronization and non-pertubative physics, Aqcp < @. There are other
intermediate scales involved like the jet mass mj or the pr of the jets. To eliminate huge
QCD backgrounds, experiments often impose stringent jet vetoes to measure exclusive jet

cross sections where a fixed number of jets with pjz‘ft < p§** are allowed. For small values of

P, large Sudakov logarithms of the ratio of p$** and the hard scale are introduced as we
discussed in Sec. 2.4. Higher-order corrections to the cross section are enhanced by such
large logarithms of the scale ratios and hence such logarithms need to be summed. This
requires factorization of the cross sections into different components relevant at different
energy scales. SCET is an EFT of QCD which allows to systematically derive factorization
theorems and perform the resummation of large Sudakov logarithms. It reproduces the

full infrared singularity structure of QCD.

The basic degrees of freedom of SCET are collinear and soft quarks and gluons. Soft
degrees of freedom have momentum pg.r; < @@ and they have no preferred direction so each
component of pgoft has an identical scaling. Collinear degrees of freedom describe particles
having large energy and small invariant mass moving in some preferred direction. The
most convenient coordinate system used to define the momenta and directions of particles
in SCET is the light cone coordinates defined in Sec. 4.3. For example, for pp — HX, we
need two collinear sectors n, and ny along the directions of the two incoming proton beams
and P, and P, their corresponding momenta (as defined in Sec. 4.3). If A is the ratio of
a small scale to the hard scale () of the process, then the momentum of a proton moving
along n, direction scales as p, = Q()\2,1,\) where p~ ~ @ corresponds to the large energy
of the collinear parton, p= ~ AQ is an intermediate momentum scale while p™ ~ \2Q is
a small residual momentum. There can be additional light cone directions n; describing
more collinear jets in the final state. The hard degrees of freedom are integrated out at
@~ @, and below this scale only the soft and collinear modes are the relevant degrees of
freedom. Depending on the scaling of the collinear and soft degrees of freedom, a given
process or a measurement (of kinematic observables) fall into two categories SCET-like

and SCET[[—hke.

SCET I and SCET 1I : Consider an example process of proton-proton collisions at the
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Figure 4.3: Left: Degrees of freedom for SCETy; type theories (e.g. pp collisions), Right: Degrees
of freedom for SCET} type theories (e.g. eTe™ — jets). Fig taken from [77].

LHC. The partons inside the proton, in the rest frame of the proton, are non-perturbative
with momentum scaling p* ~ (Aqcp, Aqep, Aqep). Boosting the parton along the —z by

an amount k = Q/Aqcp causes the scaling to become

AZ CD
pe = (7(22 @, Aqep) - (4.46)
Here, the scaling p. > pt > pf is called the collinear scaling. Describing this scaling

with a dimensionless parameter A = Aqcn /@,

P~ QO LN, (4.47)
With this notation the scaling of the soft momenta is,

pE ~ QAN A). (4.48)

These soft and collinear degrees of freedom can be represented with a picture as shown
in Fig. 4.3. The hyperbolas are lines of constant p?> ~ ptp~. The hyperbola corre-
sponding to p?> ~ Q2 denotes the hard region but these modes are integrated out when
constructing SCET. On the p? ~ Aqcp hyperbola, there are collinear modes ¢, (which are
non-perturbative) and soft modes s. Since these modes live at the same invariant mass p?
we need another variable namely p~/p* which is the rapidity ¥ to distinguish them. This
example where the soft and collinear modes in the theory have the same scaling for p? is
known as SCET;-type theory. This theory is fit for observables with measurements of p

like pjﬁt or p{F{

Consider now an example process ete™ — ¢qg. The collimated energetic constituents of

the first jet will have a 1-momentum parametrically smaller than their large-momentum,
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pL ~A <K p” ~ Q. The two jets aligned in the direction (1,+2), will have the scaling

A? A?
PZ = (67 Qa A) = Q()‘2a 1, )‘) ) p% = (Q’ 6’ A) = Q(]-a >‘27 >‘) . (449)
In order to have a jet of hadrons and not a single hadron or a small number of hadrons
we must have A > Aqcop. To derive the soft scaling consider two jets with jet masses

m? = (3, p')? ~ pTp~ ~ AZ then in one hemisphere we have
(Pn + Dus)® = Py + 2Dp - Pus + i ~ A% (4.50)

From this, the ultrasoft mode should scale like

A? A? A2

T a 5) = QN2 N2\, (4.51)

Plus ~ (
Fig. 4.3 shows the degrees of freedom in the p™p~ plane and as before the hard modes
with momenta p? ~ @Q? are integrated out and the two types of collinear modes ¢, and
cp live on the p? ~ A? hyperbola. The ultrasoft modes live on a different hyperbola with
p? ~ A*/Q?. When the collinear and soft modes live on hyperbolas with parametrically
different scaling, then the theory is SCET type. This theory is used to measure observables
that depend on the plus and minus components of momenta, like beam thrust 7g or Téet

and Téet or N-jettiness 7.

4.5 Ingredients and SCET Lagrangian

Collinear Spinors: Consider the expansion of the Dirac spinors u(p) and v(p) with
pt = (pY, pt, p%, p%), in the collinear limit. We have p~ = p° +p? > pf > pt =pY —p3so
o-p

Keeping only the leading terms gives us the spinors

p~ | U p~ | V
(p) =1/ ’ — 4/ 4.53
un(p) > |5y (D) =15 .y (4.53)
where U = and V = Note that 9#u, = 0 and v, = 0. We also define the

projection operators,

P, = i , Pr = il (4.54)
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such that P, + P; = 1 and P,u, = u, and P,v, = v,. The QCD Dirac field ¥ can then

be decomposed as

b =P+ Pap =& + i - (4.55)

The fields satisfy the following relations

Wen =0, Pabn=&n, i =0, Pags = én and
én% =0, énPn =0, énpﬁ = én where én = é;rf)/(] (456)
Having defined én = Pp1), the corresponding relations for the spinors u,, = P,u(p) and v,, =

P,v(p) do not precisely reproduce the lowest order expanded results given in Eq. (4.53),

instead we have,

uy = |3 Vp? U\ _vr <1+%7(i6;@)3)u _ /P u
n 2 o3 1 %Z/{ 2 0_3(1_%;%_(@0;#)” 2 osU

(4.57)

where the two component spinor is

gV [(1+§—g—m)u} . (4.58)

2 p°

The same derivation holds for V.

Collinear Fermion propagator: After considering the expansion of the spinors in the
collinear limit, we will now consider the expansion of the fermion propagator. Here p?+i0 =
n-pn-p+ pi. Both the terms are o< A2 and so there is no expansion in the denominator

and we have,

B S — (4.59)
. - 2 .
P02y Pl

This leading collinear propagator should be obtained from the time-ordered product of
the effective theory field, (0| T, (x)&:(0)]0). The A power counting of the field £ can be
determined by dimensional analysis (knowing the power counting of the action from the

propagator) and is given by &, ~ A.

Collinear gluons and ultrasoft fields: Consider the full theory covariant gauge gluon
propagator and label the fields by A% to denote that these are the n-collinear momenta
—

[ dtact= o Tanw 50 ) =

(K2 g" — TEFEY) . (4.60)
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Figure 4.4: Matching heavy to light (b — uev) current at tree level and 1-loop.

Here 7 is the covariant gauge fixing parameter. By dimensional analysis, the power counting
of Al is the same as the collinear momentum A% ~ k* ~ (A2,1,)). The same logic used

to derive the scaling of ultrasoft gluon fields gives Als ~ khis ~ (A2, A2, \2).

Matching QCD onto SCET: Consider as an example the process b — uev where a
heavy b quark decays to an energetic collinear v quark. This decay has the weak current
Jocp = ul'b. Without additional gluons we can match this QCD current onto a leading
order current in SCET by considering the heavy b field to be the HQET field h, and the
lighter u field by the SCET field &, : &,I'h,. Next consider the case with an extra A,
gluon attached to the heavy quark. This process shown in Fig. 4.4 leads to an offshell
propagator that must be integrated out. The full theory amplitude for this process is

- Ri(E+my) g nt - nme(L+H9) + 4],
ARE T T4y, hy = —g(—7 - Ap)en DTy by,
né 2 —m2 9T 9 An)§ o g2 L
_ —gn- A,

Here the incoming b quark carries momentum mv* so k = mpv* + q. Also the gluon field

can be written as

nt nH L
A= —n-A,+—n-A, + A (4.62)
2 ¥ 2 e ~~
o) O(A\%) o)

where we can keep only the O(1) term. The final simplified expression is obtained by
expanding the numerator and denominator in A. In summary, the propagator was offshell
by Q? and so was integrated out leading to an operator for one collinear gloun coming
out of the vertex. Let us now consider the situation of multiple gluon emissions from the
heavy quark. We again have offshell propagators and the generalization to k gluons with

momenta qj...q, yields

- —g)* n-Agp..ii- A,
£nZ(kg!> <[ﬁ' e ’“k ) (4.63)

perm ’ (ql + q2)][ﬁ ’ Zi:l qi]

Finally by summing over the number of possible gluon emissions, we can write the tree
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level matching of the QCD current to the SCET current as Jscrr = & W,I'h, where

- —g)* n-Agp..ii-A
W"_%:é"z(kg!) (m-qlnﬁ oY ) o

perm ’ (Q1 + QQ)][T_L ’ Zf:l Qi]

Here W, is the momentum space Wilson line built from collinear A, gluon fields. In

position space the corresponding Wilson line is
0
W(0,—o00) = Pexp <zg/ dsn - An(ﬁs)> . (4.65)

—0o0

where P is the path ordered operator which puts fields with larger arguments to the left.

SCET Lagrangian: To construct the SCET lagrangian we begin with the standard QCD
lagrangian for massless quarks and expanding ¢ and the covariant derivative D in the

collinear limit gives

ﬁz@m+&(?mD+gmimm$me+&y (4.66)

Simplifying using the projection matrix identities for collinear spinors,

The field ¢5 corresponds to the spinor components subleading in the collinear limit. There-
fore we will not consider a source term for ¢z in the path integral. At tree level doing so
gives

e 7
dTSﬁ_O%%_m-DZlDLg

&n.- (4.68)

Plugging this into the Lagrangian

1
in - D

i), (4.69)

Ez@@rD+mL
We have to still separate the collinear and ultrasoft fields and the momentum components.
In Heavy Quark Effective Theory (HQET), there are two relevant momentum scales, the
mass of the heavy quark m and Aqcp. The scale m is separated from Agcp by writing
p = mv + k, where k is the residual momentum k < m. The variable v then becomes a
label on the effective theory. Analogous to HQET, in our case the momentum p can be

split as

Pt =p +pf (4.70)
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where p}' ~ Q(1,0,\) and p} ~ Q(A?, A%, A\?). This allows us to rewrite the hatted collinear
field &, (z) as

- d* dp, _
fn(m):/(%f;4 e~ PeE, (p Z/ Pr_ —iprx,—ipr- xfn,pl(pr)

— Z e~ PTE, o () (4.71)

pi#0

where

d*p, .~
Gunl@) = [ G e 1), (472

We also define a label momentum operator such that

Pﬂgnvpl (x) = pﬁgn,pz (x) . (4-73)

Note that P* and pl“ only contain the components P = 71-P ~ P~ A and P| ~ pl”‘ ~ A\
The main advantage of the label operator is that it provides a definite power counting for

derivatives. It can also remove the label sum as follows

S (@) =D e P () = e PTG () = e T (). (4.74)

P70 p1#0

Differentiating an arbitrary collinear field qgn(m) yields

10" G (1) = 10 Y e Py p(x)

p#0

= Z e_ip"‘(P” + 30" ) p(z) = e_iP'I(P“ + 10" ) () . (4.75)
p#0

Changing if)ug?)n(x) — (Py +i0,)pn(x) and &n — &, and keeping the leading order terms

in the covariant derivative, the lagrangian becomes

iz Pz (. . 1
ES? = e~ Pg, <Zn D+ zlﬂn,l p lanL) %gn , (4.76)

n- D,

where the collinear covariant derivatives are iD" | = P} +gAl' and in-D, = P+gn-Ap.
The equation of motion for a Wilson line in position space, in - D, W (x,—0c0) = 0, can be

transformed to momentum space
in - DpyWy = (P4 gn - Ap)W, = 0. (4.77)
With this definition, the action of in - D, on a product of W,, and some operator O is

in - Dp(W,,0) = [(P + g - A)W,]O + W, PO = W, PO .. (4.78)
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Figure 4.5: The attachment of ultrasoft gluons to a collinear quark line.

So we have the operator equation i - D,,W,, = W, P and with WW = 1 we have the
identities,
1 i1

:W:
in - Dy, "p

1
ifi - Dy = WJ%WH : W,. (4.79)

These identities allow us to rewrite the Lagrangian as

P g 1

The full leading order SCET | Lagrangian consists of a single set of quark and gluon collinear

modes in the n direction, and quark and gluon ultrasoft modes give by

£O = £ + 20+ £

g us

(4.81)

where the collinear gluon Lagrangian can be found in [10] and the ultra soft Lagrangian is
- . 1 . g
L) = Pusi Pusthus — S TG G} + TusTr{(i0,AL)*} + 2T7{GusiOiDlscus} . (4.82)

where Dl = i), + Aljs.

4.6 Factorization in SCET

We will now explore the factorization between the collinear and soft modes.

4.6.1 Ultrasoft collinear factorization

At leading order in A, only the ultra soft (usoft) gluons (n - A,s) can couple to n-collinear
quarks and gluons. Considering Fig. 4.5 with only one ultrasoft gluon, the collinear quark

propagator is

n-p n-p
= . 4.83
ﬁ~pn'(Pr+k)+pi+i0 n-pn-k-+10 ( )
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Together with the n# from the vertex, this corresponds to the eikonal propagator for the
coupling of ultrasoft gluons to an energetic particle. A graph with multiple usoft gluon

emissions gives I'Y,,u,, where I" is the structure at the vertex, u,, is the collinear quark and

- (—g)™n - A% (ky)...n - A% (k)T .. T
=2 2 nokin byt ko) (S, k) (4.84)

m=0 perms

corresponds to the momentum-space formula for an ultrasoft Wilson line Y,,. It is possible
to show that all the leading order ultrasoft-collinear interactions within SCET; can be
encoded through the non-local interactions contained in the Wilson line by considering the
BPS field redefinitions given by

Enp(7) = Ya(@)E) (@) Al (2) = Yo (@) AD) (2) V] (). (4.85)

Implementing this at the Lagrangian level, it can be shown that the collinear quark 57(10%

and gluon Lagrangian [,7(%) completely decouples from the n - A,s usoft gluon field.

4.6.2 Factorization formula for Drell-Yan like processes

Consider the case of an inclusive process such as pp — X L, where X is the hadronic final
state and L is any color singlet final state e.g. H, V etc. In the soft and collinear limit
the factorized cross section can be expressed as do = HQ fQ fQI L QILJ; ® S.
Here J; denote the different jets in the final state, S describes the soft radiation and
B =7 ® f are the beam functions which describe the initial state radiation. In any QCD
or SCET factorization, soft gluons decouple from the collinear particles through the eikonal
approximation. However, the eikonal approximation is not applicable to soft gluons whose
momenta p satisfy |[pTp~| < p%_ < @Q? , called the Glauber gluons. For the factorization
to hold, the contribution from glauber modes should be power suppressed. Here, we derive
the factorization formula in the absence of glauber gluons. However it was shown in [78,79]
that the glauber gluons give rise to leading power corrections in the factorization. For the
jet-based observables (TEjget and Téet) we are interested in, these corrections are O(R?)
and hence power suppressed for the jet radii currently used in experiments. The steps here
mainly sketch the matching of QCD onto SCET operators leading to the Wilson coefficients
encoding the hard interaction, the beam functions which contain the PDF dependence and
account for the collinear initial state radiation and the soft functions which describe the
accompanying soft radiation. Let us now work through the steps that lead to such a
factorization formula for this process with no additional hard jets in the central region.
We closely follow the derivation in Ref. [64].
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Figure 4.6: Definition of hemispheres for pp — XL process (fig. taken from [64]).

The full theory matrix element can be factorized into a leptonic and hadronic part,

M(pp— XL)=> L;j(X|J |pp). (4.86)

J
Here L; contains the electroweak matrix element and the sum runs over all the color-
singlet 2-particle QCD currents J. The cross section for this process differential in some

observable O in the center-of-mass frame of the collision is

do 1 d>qr

spms X

(27T)454(P + Py, —q—px)

Z Ly (¢ Y)Wy (q*,Y,0) (4.87)

2E2

where P, are the incoming proton momenta, px and p; are the total hadronic and
leptonic momenta. In the first equality, d®j is the leptonic phase-space, the last delta
function is the overall momentum conservation and the delta function with the observable
O is the measurement function, similar to the one defined in Eq. (4.35). The delta function
6*(q—pr) defines the measured momentum g as the total leptonic momentum. The second
equality follows from Eq. (4.86), where the leptonic tensor does not depend on gr after

expansion of the delta function for gr = 0, and is given by,

_Ng n
Lip(g?Y) = /d@LLT,LJ,(zw)“d“ (q 2t q+?b —pL> , (4.88)
and the hadronic tensor is
d*q,
W@, Y.0) = [ 55T S ) 1) (X1 7'0)lop) (27)!64(P+ Py =0 = Px)
30 = fo(X)). (4.89)

We can divide the phase space into two hemispheres a and b as shown in the Fig. 4.6 and
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then divide the total hadronic momentum as py = Bl + Bi" where Bf and Bj' are the
total hadronic momenta in hemispheres a and b respectively. B and Bgt have collinear

and soft momentum components and are given by
B;:na-Ba:na-ba—l—na-ka , Bgr:nb-Bb:nb-bb—l—nb-k:b, (4.90)

where ks = kq + kp is the total soft momentum and b (b)) is the total momentum of
the energetic collinear particles in hemisphere a (b). We are interested in a cross section
differential in beam thrust-type observables, because Téet can be thought of as the beam
thrust of a jet, while ’7th behaves exactly the same as Téet in the collinear limit. We can
define beam thrust in terms of the new variables as 75 = (B, —{—Bgr )/ @, which is analogous
to our definition of 75 in Eq. (4.34) (with Y = 0). The hemisphere hadronic momenta is

obtained from the states | X) using the momentum operators ﬁg b

Pa |X) = Bi(X)1X) , py 1X) =Bj(X)[X) . (4.91)

So considering O = {B{, B}, the hadronic tensor is given by

2 =
Wo = | 2?2%’4 [ dtaeios 52 00l OO |X) (X170l 157~ - Bu(X)]

§[B; — np - By(X))]

detdx™ n )
:/ (47r)2 e (q =g /2 <pp‘ ']T( 2a +$+?b>5[8;_na'pa]

S[B —my, - pu]J'(0) |pp) - (4.92)

where in the second equality, the integration over gp is performed and Eq. (4.91) is used

to carry out the sum over X thus eliminating the dependence on X.

The next step is matching the QCD current J onto the SCET current by integrating out
the hard modes at the scale (). The matching takes the form

Z dwidwae™ i(b1+b2)-x [ZC?;]B(] bl,bg (61,62, ) C‘l;gg(bl,i)g)Oggw/(i)l,BQ,SC)} ,

ni,n2
(4.93)
where C; are the Wilson coefficients which depend on
- win - wanh
=gt =0 (4.94)

where w1 2 and nq 2 are not specified but will be set to w,p = 24 Eem and nZ » respectively.

«, [ are the spinor indices and u, v are vector indices. The SCET operators 0%3 and Oggu
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contain the collinear quark and gluon fields and at leading order are given as

02 (b, bo; ) = X0, () TIVL, () Voo (2)FX O (@)
O (b1, by; ) = forwn B (@) TIVE, (@) Yy ()] “BO (x),  (4.95)

where the fields are defined as

_ 1 — .
Xnw = 5(‘-‘) - /Pn)Wrtgn ) BZMJ_ = 5[5(‘” + Pn)Wg(y)ZDZJ_Wn(y)] > (4'96)

with iDg = 735 |+ gAZ |, are the composite n-collinear quark and gluon fields. The soft
Wilson lines are a result of the field redefinition, as given in subsec. 4.6.1. The matching
coefficients can be obtained by computing the renormalised matrix elements on both sides

of Eq. (4.93) and comparing the results.

Since the Lagrangian factorizes into independent collinear and soft sectors, the momentum
operator can also be written as the sum of independent operators acting on each sector,
DPa = Dana + Pany + Pa,s and similarly for p,. The measurement function can also be
factorized into measurement acting on collinear and soft sectors separately as follows
B~ a) = [ AR BB = b — KOS a5 )0, — ma ) (497
and similarly for Bb+ . It is thus possible to factorize the matrix element into n,-collinear,

np-collinear and soft matrix elements.

Let us look at the contribution from the gluon operator Oy, (because we are interested in

the Higgs production) for which the z integral takes the form

detdx™ _(otetou b , ) )
/(47T)26 (Ta™+a"a ") 2eilbitba) e (P Py | OFVH(2)8[BF — na - Pald[ By — my - o)
O 4 (0) | PaaPrp) = / dwqdwyd(wa — q7)3(wp — qT) / bt dbf dkfdk) §(Bf — b — k)

5(Bf —bf — k) [5n1na5(w1 — W) Oy O (w2 — wh) + a > b] [571/1 1 S(6) = W)y Sy — w3)

n

X <O’ T[yiuynb (0)]Cd5(k;r —Ng * ﬁa,s)é(k;_ —Np - ﬁb,s)T[erLbyna (0)]d/6l |0> ) (4'98>

tao b} X WaB(wa) (Prg| B (0)8(b = g - P )3(w — P )B(0) [p) X [a = b, c—d

where in the second step, the x integral has been performed. For the x integral, the collinear
and soft matrix elements in the last two lines are abbreviated as M, (z7), M,, (z") and

M(xt, z7) respectively. To perform the x integrals, we take the residual fourier transform
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of the matrix elements,
Akt 4o - dk= . N
Mwa(:v_):/ 9 eZker /2Mwa(k7+) ) Mwb(x+) :/ 9 ezk $+/2Mwb(k_)a
7r T

_ dkFdky ot am ka2 _
Mya.a) = [ S i ) (1.99)

After defining the Fourier transformed variables, the x integrals can be performed,

da™da~ i(wa—q 7 )zt /2 i(wp—qT )z /2 — 4 - 4+ dk™ dk~
/ (dr)? ! Wa=a )2 2gilwo=a )T 2 g () M, () M (2™, 2h) = S
dktdk- - N N

n)? Mo, (k) Mo, (k7)Mo (K, k7)o (wa — a~ + k™ + k)0 (wp — ¢F + k7 + &)

= 5(wa - qi)(s(wb - q;l,‘r)MUJa (O)Mwb (O)Mws (0) . (4'100)

In the last step, we use ¢* — k¥ — k¥ = ¢*[1 + O(A?)]. The collinear matrix element now

reduces to the gluon beam function given by,

g cc!
c ~ > 'c! g 4]
wab(wWa) (Pn,| BZQL(O)(S(b; — Mg P, )0(w — Pna)BZaL(O) |Pna) = %Ng — 1wa(_9(wa))

d a4 et o — b At o — —
/i/ﬂ-ezbay /2 (pn, | €~ Pra¥ /2 gibriay /2B;alu(0)e Pray /25(W_Pna)BZZJ_(O> P, )

/ ’
B gliﬂ gee

w
bl 2] (4101

a

where pf = ng - pn, and with ceif‘a’ta?f/QBT‘ELGJ_M(O)e‘iﬁiay*/2 = B¢

naj_y,(y_na/2)- The gluon

beam function is defined as

Wq dy_ by~ bt oy c y_n —
By [t 2] = _Q(WG)/Mebay 2 (pn, | PV 285 (457 )6(w = Pa,)BLC L (0) pn,)

(4.102)

and similarly the soft matrix elements define the gluon hemisphere soft function given by

1 — R .
Sighgemi(kt—li_ﬂ klj) = ch 1 <O’ {trcolorT[yIm (O)y”b (0)]5(k; —Ng - Pa,s)(s(k;— —Np - Pb,s)
T}, Yn, (0)]}0) . (4.103)

Putting all the pieces together, the hadronic tensor for the gluon initial state is given by

Wygg(@ Y, BY, By) = Hpjrgg(ba, by) / dk} dk) ¢* By[zaBem(Ba — k), 4]

Bg [$bEcm(Bb — klj)’ :L‘b] X Sgg

ihemi

(kF, k) (4.104)

where the hard function contains the color structure and the Wilson coefficients. For

simplicity, we only considered gluonic initial states, however for the full hadronic tensor
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and the hard function, we also need the contributions from O, and the expression can
be found in [64|. Adding the contributions from different quark flavors and gluons, the

hadronic tensor becomes

Wy (¢*,Y, B}, B)) ZWJJ/qq Y, By B) + Wyrgg(q®, Y, BY, B),  (4.105)

where the hadronic tensor for the quark contributions can be found in [64].

Inserting back all the components, the differential cross section reads

dqzcszB+dB+ ZHU : / dkf dk) ¢* Byl Eem(Ba — k), 2a) Bj[xp Eem(By — ki ), 2] X

S

ihemi

(kF k), (4.106)
where the hard function is given by

n n
Hz](q Y E2 ZLJJ’ Y X HJJ’ij (xaEcm?aabecm?b) . (4~107)
cm JJ!

Eq. (4.106) is the factorization formula for the process pp — X L.

The initial state physics is characterized by three distinct scales pp < pup < pug. At pa,
the incoming proton contains partons of type k described by the PDFs fi (¢, ua). Evolving
pA to higher scales sums up single logarithms with the DGLAP evolution and changes the
type k and momentum fraction £ of the partons. At the scale up the measurement probes
the proton, breaking it apart identifying a parton j with momentum fraction £ according
to fp(&, up). The radiation emitted by the parton builds up an incoming jet described by
the function Z;; (which are calculable perturbatively and are given in App. A.2) forming

the beam function,

2

Bi(t,z, up) = Z/: %Iz’j(f,zvﬂB)fb(gﬂB) [1 + O(%)} ; (4.108)

where z = /€ and t,, = wa,bb:;b = xabEcmb;;b is the transverse virtuality. By measuring

beam thrust, we measure the virtuality of the hard parton in the initial state.

The factorization formula in Eq. (4.106) also applies to Higgs production via gluon fusion,
the only difference being in the hard function, which must be changed accordingly. The

structure of the factorization formula for pp — HX with no additional hard jets, and
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differential in inclusive beam thrust is,

d%o v, +6Ytb
e = oy e iy ) [ bt Byt 0 ) B ) % Sy (Thom — 21 )
(4.109)
where
MmH _+y V2Gr m%{
- = BT6nEZ. 4.110
YT B 7P T BT6RER, (4.110)

The hard function is determined by matching QCD currents onto SCET, and can be
obtained from the IR-finite part of the M .S renormalized ggH form factor. It is the same
as for threshold Higgs, and is given by

Hog(me.my. 1) = |Cogir (me my 1) (1.111)

where Cygpr, given in Eq. (A.2).

4.6.3 Application to jet-based observables

In order to obtain a similar factorization formula for the rapidity-dependent jet observables
'Téet and ’Tjet, the inclusive beam thrust measurement in the proof sketched for Drell-Yan
(and for Higgs production in Eq. (4.109)) needs to be generalized to jet-based observables
as well. As we saw in Eq. (4.97), the measurement factorized into collinear and soft
components that act independently on the soft and collinear sectors. This must hold true
for jet-based observables too so that the matrix elements can be factorized into independent
beam and soft functions. Schematically, it was shown in [70], that any generic measurement

function M can be separated into collinear and soft sectors as follows,
M= Mg x My x Mg+ oM. (4.112)

The operators M,, M; and M act only on ng-collinear, ng-collinear, and soft fields
respectively assuming that the mixing between the sectors is taken care of by the correction
term 6 M. These mixing terms are O(R?) and are small for small jet radii currently used
in experiments, so that the factorization formula holds at leading order. For inclusive

observables like beam thrust, M = 0. The measurement function reads (referring to
Eq. (4.35))

M(T) = 6(Ts =Y [prile™ ). (4.113)
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Since the inclusive observables sum over all particles, the full 7g can be written as a sum
of collinear and soft contributions Tp = Tp, + Ty + Ts (as in Eq. (4.97)), so that the
measurement function can also be factorized into measurement acting on each sector as

follows

Mo =05(Tpa —pTe), My=05(Tgs—p e”), Mg=0(Tps— »_ min{pte” ,pe¥}).
mesoft
(4.114)

Let us now consider jet-based observables like ;ﬁt Téet and 7get defined before. The
measurement function for such observables involve more subtleties due to the jet algorithm
effects that need to be understood well. The measurement function for such observables is

a product of theta functions so that the maximum condition in Eq. (4.5) is satisfied,

M) = TT o(prsl < w5)

jEjets
M(Téet) _ H 9(|ﬁTj|6_|yj_Y| < Tcut>’
jEjets
jety _ |ﬁTj‘ cut
M(TEY = jgcsg(QCOSh e <T ) . (4.115)

Separating into independent collinear and soft sectors, the measurement function for a

general k% is given by

M(kCUt) _ Mj:t(kCUt)MJ;t(kCUt)M‘Et(kJCUt) + 5Mjet(kcut) ) (4116)

The functions /\/ljiet contain the independent contraint on the collinear and soft sectors,
while the left over contribution takes into account the case where there is a mixing between
the collinear and soft sectors. A contribution such as |k.+ ks < k°"*| which is a part of this
correction term must however be power suppressed in order that the factorization of the
cross section into collinear and soft components still hold. It has been shown in [70] that for
a jet radius R ~ X\, SMI® is indeed proportional to R? and therefore power suppressed for
R <« 1. To understand these jet-algorithm dependent contributions to the measurement,

it is useful to express the measurement function as
M = (M, + AMIEY (M), + AMI) (Mg + AMEY) + A0 (4.117)

Here AMiet is defined to contain the jet-algorithm effects within the same sector i.e.
clustering of two collinear or soft emissions into one jet. These typically have the form
oy log¥ "' R and are important at small values of the jet radius R. These arise from
correlated emissions as shown in the right side of Fig. 4.7. M is a mixing term which
arises due to a soft particle clustering with an n, or n-collinear particle as shown by the

left panel of Fig. 4.7 and is proportional to R%. These corrections become important for
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Figure 4.7: Left: soft and collinear particles clustering into one jet contributing to SMi°t. Right:
clustering within the collinear and soft sectors contributing to AMI®.

R > \. At O(as) there are no jet algorithm effects as there is only a single emission,
either soft or collinear. A detailed calculation of the clustering effects for the beam and
soft function will appear in the next chapter. Let us now discuss in detail the factorization

and resummation properties of jet-based observables.

The factorization formula for the jet-based observables is a simple product of the different
functions, instead of the convolution in case of inclusive observables. If R? <« 1, the
resummed contribution for the case of a veto le;etc < T can be factorized to all orders

in perturbation theory as

doresum .
ST(Tée,tc < Tcut) - O-BHgg(mta mg, H) Bg(mHTCUtv La, R7 H) X Bg(mHTcut7 Ty, Ra M)
do.(l;{sub

B,C (—cut

(THe< T, R), (4.118)

The only difference between Téet and 7get to all orders is their dependence on different
soft functions, SZ’C. The beam functions B; are the same for both observables, because
they describe the effects of collinear initial-state radiation, i.e. emissions with forward
rapidities, where the ’7%“ and 'Téet measurements are equal up to power corrections (cf.
left panel in Fig. 4.1). This can be seen explicitly by expressing the variables Tp ¢ in terms

of plus and minus momenta in one of the two collinear sectors,

+ —
pfpﬂ_, (4.119)

J

with p;” > p;r and therefore 7c; = Tp; +O(p;r/p;), where p;r/p; ~ T /my is a power cor-
rection. The O(R?) corrections from (S.ijﬁe " are collected in the dof*"™ piece in Eq. (4.118).
They start contributing at O(a2) and so are not yet needed for now. Note that another
source of possibly factorization-violating contributions for hadronic observables is related
to the interaction between spectator particles mediated by Glauber modes. Usually, these

are not considered in perturbative predictions of jet cross sections. As argued in [79], for
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jet-based observables these effects are suppressed at least as O(R?), and we therefore also

neglect them here.

For T3 and 73 | the resummed contribution obeys a similar factorization of the form

Bcm Cem?
do.(r)esum jet t 2 t Y
e
dy (Técm,c’cm <T ) = UBH!J!J (mt’ My, M) Bg (mHTcu € ,Zq, R, N)

Rsub
doy

% (T o < T R). (4.120)

Bcm,Cem

X By(mpT %Y, xy, R, 1) S;;’C(Tcut, R, ) +

Here, the hard, beam, and soft functions are the same as in Eq. (4.118), the only difference
is that the beam functions are evaluated at different arguments. The soft function Sg%c
is precisely the same as in Eq. (4.118) because it is a vacuum matrix element and, unlike
the beam functions that involve the incoming proton states, has no reference to the frame
other than through the measurement function itself. By a change (boost) of the soft

. . . jet
integration momenta, the soft measurement function for Téim Com

can therefore always
be transformed into that for ’7%%, respectively. (Technically, this is a consequence of the
RPI-II invariance [80,81] of the soft function.) The beam functions on the other hand
are related to the ones in Eq. (4.118) by a simple rescaling of 7¢". This is because for
jets made of ng(ny)-collinear particles we have y; > 0 (y; < 0) in the Y = 0 frame and
correspondingly y; > Y (y; <Y) in the lab frame. According to Eqgs. (4.7)-(4.10) for ng ;-
collinear jets we therefore have Toem = TBem = TreTY , respectively. A detailed discussion

of the analogous frame-dependence for inclusive beam thrust can be found in [64].

4.7 Resummation of large logarithms in SCET

By implementing a jet veto cut Tgem < 7%, the resulting 0-jet cross section contains large
double logarithms of the form o In™ T /iy with M < 2N. The factorization formula
above allows to resum these logarithms in SCET. These logarithms are split up as follows

9 Tcut m
2

9 Tcut
1%

cut
In? T— = 21n? i In
mHy w K

+2In

(4.121)

where the first, second and third term on the right-side are contained in the hard, beam
and soft functions respectively. The singular cross section with these logarithms has the

following structure

In oo (T°") ~ [L Z cEH(a,n)™ + Z NEL (0 D)™ 4 o Z NNLE (g Y™ 4.

m

(4.122)
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Figure 4.8: RG evolution of the beam, soft and hard scale to a common scale p.

where LL, NLL and NNLL corresponds to leading logarithm, next-to-leading log and next-
to-next-to leading log respectively. A resummed cross section is accurate upto LL, NLL
or NNLL order if it includes the tower of logarithms upto the first, second and third term
respectively. The summation happens in the exponent of the cross section as was shown
in Eq. (2.57). These logarithms can be resummed by evaluating all functions at their
natural scales i.e. hard function at uy = my, soft function at ug = 7 and beam
functions at pup = t** ~ /TUmy and then RG evolving them to the common scale
as shown in Fig. 4.8 which resums the logarithms. The common choice of the scale y is

{mg,2mpg, mg/2}.

Table 3.1 shows the various orders in resummed perturbation theory and the corresponding
accuracy needed for the matching (to the fixed-order cross section), and the anomalous

dimensions that enter the singular corrections.

Log Fixed-order corrections Resummation input
counting: matching nonsingular 7}‘[7 B.S Lcusp I3 PDF
LL LO - - 1-loop 1-loop LO
NLL LO - 1-loop 2-loop 2-loop LO
NLL/ NLO - 1-loop 2-loop 2-loop NLO
NLL'+ NLO NLO NLO 1-loop 2-loop 2-loop NLO
NNLL/4+NNLO | NNLO NNLO 2-loop 3-loop 3-loop NNLO

As shown in Fig. 4.8, there are three separated scales in the process py < pup < pp. At
the hadronic scale pa, the incoming parton is described by the PDFs, and the evolution
from pa to pp is the standard DGLAP evolution summing single logarithms. The evolution
for 4 > pp sums up the double logarithms of the ratio of up and p and is given by the
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RGE

d
ro In[By(t°™, 2, i, R)] = v% (", i, R) (4.123)

1
Note that, the RGE for jet-based observables takes a product form, as a consequence of
the simple multiplicative structure of the factorized cross section. Like the beam function,
the evolution for the soft function from pg to p and for the hard function from pp to p is

given by a similar RGE

/L@ In [ngH(mt, m%q, ,U)] = ’Y?[(m%ﬁ M) ;
d cu cu
hap [STUT R, )] = 74T, R, ) , (4.124)

The generic all-order structure of the anomalous dimensions, as the sum of a noncusp part
and an explicitly p-dependent cusp part, is fixed by RG invariance of the cross section and
the well-known Sudakov form of the hard function, which is completely independent of the

specific observable. Specifically, we have

9 (2 g —my—i0
T (mH7 :U’> - I\Cusp [CKS (,U,)] In H2 + TH [Cks (M)] )
2" R, 1) = —2T'% It R
fYB( ’ 7:“) - cusp[as(lu’)] n ,U'Z + ’YB[QS(N)v ] ’
cut

VT R, p) = AT s ()] In —— + o (), R] - (4.125)

The RG invariance of the cross section moreover requires that the soft anomalous dimension
of Sng and Sg] is the same to all orders in perturbation theory, and hence it is the same
for all four observables we consider. Integrating Eq. (4.123) from pg to p by changing the

variables to a,s with d1np = dag/Blas] gives

B(t", , u, R)

I et g gy~ B0 ) In (t" 1y ®) + Kp(p, o) (4.126)
Solving further yields
Bg (tCUt7 z, R, /UJ) =Up (tCUt7 KB, :u) Bg (tCUt7 z, R, MB) (4'127)

with the evolution factor given by

t
Up(t™, pp, p) = eolsn) (ﬂ)nB(uB’#) .

. (4.128)
Hp
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with

Kp(up, p) = +HAKP (g, 1) + Koo (pp, 1) 5 ne(ps, 1) = =207 (up, 1)

and

OCS(IU’) da o da OCS(IU’)
K? = —TY9 —, K. =
I‘(,u()a M) / cusp[a] AS(MB) ﬁ[a] » yd (,u()v M) /045(;“3) ,B[CM]

as(us) Bl

as(p) do
g = =19 lal.
77{‘(.“07#) /as(uB) ,B[Oé] cusp[a]

(4.129)

(4.130)

Analogous to the RG-evolved beam function, we can write the RG-evolved hard and soft

functions as

Hgg(mtv q27 H) = UH(q27 HH, H) Hgg(mt7 q27 :uH) 5
SE(T w) = Us(T™, s, 1) Sh (T ps) |

with the corresponding RG evolution factors given by

Jeut ) ns (1s,m)
15

2 .

—q°—i0 V1= (1E) |2

Un (¢, pwm, p) = ‘6KH(#H7#)<172) ‘ ‘
H

(7% s ) = et

)

and

Ks(ps, p) = —4K (s, 1) + K9 (ps, 1)
KH(//JHa /‘L) = 72K§(,U'H’:u) + KF%(/"LH7/J“) )

ns(ps, 1) = +4nd (s, 1) » nu(pw, p) = +nd(pm, 1),

(4.131)
(4.132)

(4.133)

(4.134)

(4.135)

Explicit analytic expressions for the K, K. 9 and n? as well as the anomalous dimensions

and beta functions relevant for NLL resummation can be found in Ref. [23].

Writing out the evolution factors explicitly, the resummed cross section with a veto on

jet
TBC reads

resum
doyg

dY

SQB;J’C(TCUJD’R’ uS) X UO(mH7TCUt7MH7u37MS)

d Ugisub
dy

(The< T R),

(Tée’tc< TCUt) — gBHgg(mt,m%{,,uH) Bg(mHTCUt, Lq, R, ,LLB) X Bg(mHTCUt7$b7 R7 MB)

(4.136)
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jet
and for a veto on T2 ., We have
b

(1CTYESUIH

(El)Y (ngfitxxl,ccm< T = UBHgg(mtam%JvﬂH) Bg(mHTcuteYa Ta, R, p1B)

X By(muT™e™ 2y, R, up)Sey© (T, R, pug) %
Rsub

g je u
UO (mHa Tcut7 HH, LB, :U’S) + (fY (Téctm,ccm <TC t’ R) :
(4.137)

Here, the total evolution factor, combining the individual hard, beam, and soft ones, is

UO <mH7 TCUta HH, LB, uS) = UH (m%{7 HH, ,u’) U% (mHTcuta HUB, ,U’) US(TCUt7 Hs, ,LL) .

The dependence on the common arbitrary scale u cancels exactly between the individual
U; due to RG consistency. Note that the Uy is the same in Eqs. (4.136) and (4.137),
because according to Eq. (4.128)

Up(muT e, pp, 1) Up(mu T, up, 1) = Up(muT™, up, ). (4.138)
Hence, the only difference between the Tj__jfg and Téitm’ccm cross sections is the Y-dependence

in the arguments of the fixed-order beam functions in Egs. (4.136) and (4.137).

In the next section we will provide the different ingredients for predicting the full differential
cross section at NLL/+ NLO i.e. the beam, soft and hard functions at NLL’ and the non-

singular corrections for matching the resummed cross section to fixed-order.

4.8 Ingredients at NLL’

The resummation at the NLL' level includes the NLL RG evolution and in addition the
fixed order one-loop expressions for the hard, beam and soft functions. The latter provide
the exact O(as) boundary conditions for the RGEs, which are formally a NNLL effect, but
are important for matching to the full NLO cross section. The O(as) hard function can

be taken directly from [23] and is given in App. A.1.

At fixed O(a), the B;(t“* z, R, up) can be obtained by integrating the one-loop differential
t-dependent beam function [23,82], because the Téeg measurement function for a veto on
the emission of only one gluon is simply a theta function, 8(t < t°"), of the virtuality ¢.

Therefore, the one-loop gluon matching coefficient is

tcut

I;;)(twt, z, R, up) = / dt Ié})(t, 2, 1uB) , (4.139)
0
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which is given in App. A.2. We stress that this only holds for the one-loop fixed-order
contributions. The resummed beam function in Eq. (4.127) is different from integrating
the resummed differential ¢-dependent beam function already at NLL due to the differ-
ent renormalization structure. At two loops (and beyond) an explicitly R-dependent jet
clustering correction term must be added to the integrated bare t-dependent beam func-
tions [83,84] to obtain the correct bare results for the Tée’tc—type observables. Since these
R-dependent jet clustering corrections affect the UV divergences, the two-loop anomalous
dimension of the beam function as well as its NNLL evolution explicitly depend on R. We

will compute the R-dependent correction to the 2-loop anomalous dimension in chapter 5.

Similarly, the one-loop soft function for T]f?et < T can be obtained by integrating the
one-loop soft function differential in beam thrust [23|, see App. A.3.1. The one-loop soft
function for Téet < T is explicitly calculated in App. A.3.2. (It is directly related to the

integrated one-loop soft function for the C-parameter event shape in eTe™ collisions.)
For the RG evolution at NLL, we require the cusp anomalous dimension to two loops [85],
and the noncusp anomalous dimensions to one loop. The one-loop coefficients of the
noncusp anomalous dimensions in Eq. (4.125) are the same as for the corresponding beam
thrust results [23]|. To see this, note that at O(as)

1 d 1 1 d 1
i = S ze® e ) © ) (4.140)

du du
and the one-loop MS counterterms, Zz‘.q (1), for Téetc < T and inclusive beam thrust are

also simply related by integration.

4.9 NLO Nonsingular with subtraction method

In the previous section we have discussed the ingredients for the resummed part of the
ﬂet-veto cross section to NLL' order. To incorporate the full O(as) corrections of the
fixed-order (FO) cross section at NLO, we must add the O(a,) nonsingular contribution in
Eq. (4.13), which is particularly relevant for large 7. The FO nonsingular contribution
differential in ’7?% is defined by the difference of the differential FO result in full QCD and

the corresponding FO singular contribution,

nons FO sing
doy doy doy

d7dy a7}y a a7}y

(4.141)

The FO singular terms in turn are given by a strict expansion of the resummed part

of the cross section to a given fixed order in o,(puro), where uro = pr = pf ~ mpy
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is the renormalization and factorization scale of the FO cross section. Suppressing the
dependence on 7;;“ and Y, we thus have

resum

doy™ (uro) = do

(o, B 11S) PO tn an(uee) dog™"™ (ug = pB = s = Hro) -
(4.142)

A priori, Eq. (4.142) is only true up to higher orders in as(urpo). However, we always
reexpand the product of fixed-order contributions to the hard, beam, and soft functions
entering in dog™"™ in Egs. (4.136) and (4.137), such that Eq. (4.142) holds exactly. For
the NLO singular this means that

((10)350)5(0) + H(O)Bél)BzEO)S(O) + H(O)BéO)Bl(,I)S(O)
+HOBOBO g (4.143)

do_(l;esum x H(O)BC(LO)BéO)S(O) + H(l)B

where the superscripts (0) and (1) indicate the LO and NLO fixed-order contributions to
H(pum), B(up), and S(us), respectively. In this way we ensure that when turning off the
resummation in the NLL’ result by setting ug = up = us = uro, we exactly reproduce
the NLO singular cross section. The resummed result differential in ’7?“ and evaluated at
uro can be obtained by taking the derivative of the resummed cumulant cross sections in
Eqs. (4.136) and (4.137) with respect to T°".

We can get the non-singular corrections to the full differential cross section by performing
subtractions at NLO, i.e. subtracting the right singular contributions from the full cross
section to obtain finite correction. The singular terms in the 77 spectrum are proportional
to 6(77°) and In 77 /T3¢ for T3¢ — 0. Once the non-singular contribution is defined as

nons FO resum
doyg doyg do,

M;JT(H/(MFO) = (MFO) - (ﬂ}]TdY

=—9 (= pp = pis = p¥o) (4.144)
jet
d7;dy

we can integrate this subtraction from 75 upto some 7" to obtain the cumulant as follows

do_(r)lonsing Teut dgnons
—0__ (7wt = / —0 4.145

where 75 ~ 0.01. The differential fixed-order cross section dag 0 / d’7;§.etdY is computed for
the four observables in Eq. (4.44), Eq. (B.16), Eq. (B.8) and Eq. (B.22). The integral is
cut off by Ts, since the integrand is given by the difference of two diverging integrands
and this cut-off is the error we make in determining the nonsingular. The numerical
integral of the subtraction only encounters an integrable singularity for 7<% — 0. To
check that the subtraction works, and the nonsingular does not contain any 1/77° we
plot do™°sing /d In TIet = Tietdgnonsing /gTiet which goes to 0 for 7% — 0 in Fig. 4.9 as

expected. Fig. 4.9 shows that for small values of 7", the singular contribution dominates
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Figure 4.9: The absolute value of the full, singular and nonsingular constributions to the Téet
and ’TéCt spectrum for H+0-jet.

the full cross section, while at larger 7" the non-singular corrections become significant.
These non-singular terms must be added to the resummed cumulant in each bin of 7¢u
to get the right inclusive cross section for 7% — oo. This type of subtraction has been
recently generalized to full NNLO in [86].

The resummed contribution is evolved to an imaginary hard scale, which avoids large cor-
rections in the hard function when evaluated at a timelike argument ¢* = m3%, [87-90).
For consistency, we have to include the same evolution also in the nonsingular contribu-
tions [23,25], which at NLO simply amounts to multiplying it by the hard evolution factor.
The final NLO nonsingular contribution is then given by

nons
doy

dY

), . nons(1)

H - ns . d je Cu
gg(o() el ) UH(_lHnsa /ans) X U%Y (7? * <T t’ ,Ufns) s
Hgg' (ptns)

(ﬁet < Tcut) _
(4.146)

where we introduced pns to denote the scale at which the nonsingular contributions are
evaluated. Combined with the resummed contribution according to Eq. (4.13), this yields
the complete cross section for a 7}jet veto at NLL'+NLO. We have also compared our
inclusive NLO cross section for 7% — oo with MCFM and found agreement for all the

four observables.

4.10 Scale choices

In this section, we will discuss how to choose appropriate beam and soft scales as a func-
tion of 7°. For this purpose, we have to compare the relative size of the singular and
nonsingular contributions in relation to the full FO cross section in different regions of 7;3“.

For this comparison, we integrate over the full Y-range. The two plots in the first row of
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Fig. 4.10 show the magnitude of the differential singular, nonsingular, and full FO cross

sections for TJ Bem’ ! Cem

and T Cem)* The curves for 73 | 73 are displayed in light colors and

B(cm)

for ’TJet, ’7'Jet in darker colors. In the second row of Fig. 4.10, we plot the magnitude of the

ratio of the singular and nonsingular contributions to the full NLO cross section for both

T and T
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Figure 4.10: Comparison of the singular, nonsingular, and full NLO cross sections differential
n Tjﬂet and integrated over all of Y. The two plots in the first row show the magnitude of the

differential cross sections for Tgt and TéCt on a logarithmic scale. The plot in the second row
shows the ratios of nonsingular and singular contributions to the full NLO cross section for both
Tjet and T

Note that the singular differential contribution is identical for all four 'Tjet variables, be-
cause the difference between ’TJ B(em) 20d T m) Oly appears as a constant (7'J *_independent)
term in the soft function and does not aﬁect the singular spectrum. Also the (explicit) to-
tal Y dependence resides in the 7°%-independent part of the NLO singular contribution of
the Téitm and T(i%n vetoed cross section and drops out in the spectrum [which can be seen
from Eq. (4.137) together with Egs. (A.8) and (A.9)|. The full FO cross section, however,
depends on the specific measurement function and is different for all four observables. We
therefore observe significant differences when comparing the nonsingular contributions for
T‘]et and TJe in Fig. 4.10. The nonsingular contributions for Tch and T(J;eczl (light green
dotted lines) are slightly larger than the corresponding ones for Téet and ’Téet. This is due
to Y-dependent terms that are not captured by the resummed singular contributions and

are thus part of the nonsingular contributions in Eq. (4.144).
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The plots show that the nonsingular contributions are power suppressed for small values
of 7;3“, become comparable to the singular contributions around 7}iet ~ 60GeV, and
exceed the FO cross section beyond ’7?% 2 70GeV. Based on these observations, we
can distinguish three different regions according to the relative size of the singular and
nonsingular contribution to the full FO cross section at increasing 7?%: resummation,
transition, and fixed-order regions. (In principle, there is a fourth nonperturbative regime

7?et < Aqcp, which is however not relevant for our discussion.)

In the resummation region, i.e. at low values 7?% < my, the singular contribution dom-
inates and must be resummed while the nonsingular contributions are power corrections
suppressed by ’7;3.et /mp. To correctly resum the large logarithms in this region, the scales
should follow their canonical relations as dictated by the factorization of the jet-vetoed

cross section,

pE = —img, pB=/maus, pus="7T"". (4.147)

At large values of T > mpy /2, the singular and nonsingular contributions are equally
important and there are large cancellations between the two, which would be spoiled if the
resummation is kept on. Hence, in this region the resummation must be turned off, which

is achieved by letting all scales approach a common FO scale,

\uH| = pB = s = fins = pro , (4.148)

which then ensures that the result correctly reproduces the total cross section [cf. Egs. (4.144)
and (4.146)]. By keeping the hard scale at an imaginary value, this becomes the -

improved FO cross section, which exhibits an improved perturbative convergence.

In the transition between the resummation and fixed-order regions, both the resummed
logarithmic corrections as well as the nonsingular FO contributions are numerically im-
portant. To optimally describe this region, which is often also the experimentally most
relevant one, we employ profile scales [91,92] that incorporate the constraints in Eq. (4.147),
towards small values of 7;;% and provide a smooth interpolation to puro at large values of
7?%. For our choice of profile scales and the related estimation of perturbative uncertain-
ties we adapt the discussion of the p];t—veto in |25] to our present case, where we have
virtuality-like (SCET-I) as opposed to pr-like (SCET-II) scale relations.

For the central profiles we take

HH = —IAFO ; Hns = HFO
/LS(TCUt) = NFOfrun(Tcut/mH) >

s (T™) = VT Vi = o Fan TV ma) (149
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where the common profile function fiu,(z) is as in [25],

zo[1+ (z/20)? /4] x < 2x,

€T 2'7;0 <z < )
P )2
(2—z1—2x2)(z—23)?
l = S T2 <z <13,

1 3 < x.

The first regime in Eq. (4.150) for x < 2z is the nonperturbative regime, where we
let the scales pup and ps approach fixed values \/zouro > Aqcp and zopuro > Aqcp
respectively as  — 0. For x ~ Aqcp/mp, corresponding to ’7}j6t ~ Aqcp, our purely
perturbative predictions are insufficient to correctly describe the cross sections, since here
nonperturbative corrections can become of O(1). In practice, this region is irrelevant and

has no effect on the cumulant jet-vetoed cross sections that we are interested in.

The second line in Eq. (4.150) corresponds to the resummation region and yields the
canonical scaling in Eq. (4.147). The third and fourth lines describe the transition region.
They provide a quadratic scaling for a smooth transition to the FO region (last line), where

all the scales are equal and the resummation is turned off.

To fix the profile parameters z; in Eq. (4.150) we first choose a value for x3, where the
resummation is turned off completely. This should happen roughly after the point, where
the singular spectrum vanishes (the singular cumulant has a maximum) so the nonsingular
spectrum is equal to the full result. In addition, it should certainly happen before the
point, where the singular spectrum has the same magnitude but opposite sign as the full
and the nonsingular becomes twice the size of the full result, since at this point there is
clearly an O(1) cancellation between singular and nonsingular. Hence, for Téet we choose
x3 = 0.6 corresponding to 7]%“ = 75GeV. For T(jft we choose x3 = 0.55, since here the
singular-nonsingular cancellations set in a bit earlier. For x = 7;get /mg < 0.1 the physical
scales are separated by an order of magnitude (and the nonsingular are suppressed by an
order of magnitude). Hence, a natural choice for z; is of O(0.1). We use z1 = 0.15 for ’Téet
and z1 = 0.1 for Tjet, which ensures that the size of the transition region, x3 — x1, is the
same for both and also long enough for the scales to smoothly transit to the FO region.
The midpoint of the transition region, xg, is then fixed by setting xo = (x3 — x1)/2. Note
that although the strict canonical scaling stops at x;, the resummation is still important
all the way through the transition region, at least until x2, and starts to get turned off

et

beyond. To summarize, our central profile parameters for Té(cm) are

UFO = MK , rg = 2.5GeV/uro ,
(a1, 29, 23} = {0.15,0.375,0.6} , (4.151)
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and for Tge(tcm) they are

HFO =— My , i) :2.5G6V/MFQ,
{w1, 29,23} = {0.1,0.325,0.55} . (4.152)

The resulting central profiles for up and pug are shown in the first row of Fig. 4.11 by the

green and orange solid lines.

4.10.1 Fixed-order and resummation uncertainties

A key aspect of precision cross section predictions is to reliably estimate the perturbative
uncertainties. A convenient and physically motivated way to parametrize the theoretical
uncertainties in jet-vetoed cross sections is in terms of fully correlated (yield) and fully an-
ticorrelated (migration) components [11,23,25,41], as we have already discussed in Sec. 3.2.

We will apply the same procedure here.

First, the resummation uncertainty Ayesum corresponds to the intrinsic uncertainty in the
resummed logarithmic series induced by the jet veto (or jet binning) cut. It must be anti-
correlated between the cross section that survives the jet veto (the O-jet bin) and the cross
section that is vetoed (the > 1-jet bin), such that it cancels in the total inclusive cross
section given by their sum. Hence, we can identify Ajegum With the migration uncertainty.
Second, the fixed-order uncertainty, Arg, comes from scale variations in the FO contribu-
tions of the full resummed cross section, such that for large 7<% it reproduces the FO scale
variation uncertainty of the total cross section. It is identified with the yield uncertainty,
and effectively probes the size of higher-order nonlogarithmic terms at any value of 7.
Note that despite its naming, at small 7 it does so within the resummed prediction.

The total uncertainty in the Higgs+0-jet cross section is then given by

AR(T™) = ARo(T™) + A (T) (4159

To evaluate App, we take the collective variation of all scales u; up and down by a factor
of 2, as shown in the second row of Fig. 4.11. This is done by setting uro = {2mpg, mmg/2}
in Eq. (4.149). At large T values, this yields the standard scale variation of the (72-
improved) FO cross section. By varying ppo, all the ratios between the scales umg, g,
and pg are kept fixed, so that the arguments of the logarithms that are resummed in
the evolution factors U; remain unchanged. We stress that the scales do not represent
physical input quantities. Rather, the changes observed in the cross section resulting from

the scale variations are simply an indicator of the possible size of higher-order corrections.
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Figure 4.11: Profile scale variations as described in the text. The two plots in the first line show
the variations of the beam and soft scales used to estimate the resummation uncertainty. The plot
in the second row shows the collective variation of all scales by a factor of two, which is used to
estimate the FO uncertainty.

In particular, one should not attribute any meaning to possibly asymmetric up/down
variations in the cross section. Instead, we take the maximal observed deviation from the

central value as our perturbative uncertainty estimate. Thus, we adopt
AFO(Tcut) — max ‘O’S(TCUt) _ O_Bentral(Tcut” (4154)
veVro

for the FO uncertainty in Eq. (4.153), where Vo denotes the variations prpo = {2my,
me/2}.

Next, to estimate the resummation uncertainty, Ayesum, we vary the profile scales for
pup and pg defined in the previous section about their central profile while keeping || =
uro = my fixed. The aim is to vary the logarithms in the resummation factors U;, in order
to estimate the potential size of higher-order corrections in the resummed logarithmic series.
At the same time, the scales must retain the natural scale hierarchy in the resummation

region (as obeyed by the central scales),

HFO ~ [p 3> B ~ \/IH[LS > LS, (4.155)

for all variations.
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First, we define a multiplicative factor

2(1 — 22 /23) 0<xz<uwx3/2
fvary(x) =491+ 2(1 - $/.Z'3)2 1'3/2 <z<Lz3, (4156)
1 r3 < x

which approaches 2 for 7" — 0 and 1 for 7% — z3mpy, where the resummation is

turned off. The up and down variations of ug are then parametrized as

vary

pg o (2,0) = [y () ps(2) = pro foary () frun(2) - (4.157)

For the pp variations we define

var var — o 1/2—
Hp y(x7avﬁ) = Mg y(x’a)1/2 IBNlli‘/OZJFB = NFO[ Vary(x) frun('x)] / 67 (4.158)

where the parameter 5 modifies the exact canonical relation of the beam and soft scales
in Eq. (4.147), to allow for a variation of up independent of ug. The central scales in
Eq. (4.149) correspond to setting o = 5 = 0. The pp and pg variations we will perform
are illustrated in the first row of Fig. 4.11, and are discussed in detail in the following. Note
that all up and pg variations turn off at large 7" (beyond x3), such that the resummation

uncertainty vanishes by construction when the resummation itself is turned off.

The arguments of the logarithms resummed in the overall evolution factor, Eq. (4.138), are
given by the ratios of the three scales ug, up, and ug. Because of cancellations due to RG

consistency the two relevant independent scale ratios entering the resummed logarithms

are
MQB Tcut M?S‘ Tcut 1159
P s (4.159)
Py  ™MH Kp  MH

This can be seen best by setting the arbitrary common renormalization scale u = pp, such
that Ug = 1 and we are left with only two independent evolution factors Uy and Ug,
which resum logarithms of the scale ratios in Eq. (4.159). (The third possible scale ratio

ps/pm ~ T /mpy is not independent as it can never appear alone in the evolution.)

We use the same « for both pp and pg, which ensures that we never violate the parametric
scaling ,uzB ~ pspp when changing pug. Varying o while keeping 3 fixed in this setup then

induces equal changes to the logarithms of the scale ratios in Eq. (4.159) of the form

2 2

lnM—QB — In \?;ry—l-ln'uTB,
Hr Hr
12 [

In =5 —In f&, +In=5 . (4.160)
HB HB
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On the other hand, varying 8 with « fixed induces changes in the logarithms of equal

magnitude but opposite sign,

2 2
ln'u—zB — (1 —Qﬂ)ln'u—ZB,
Hr e
12 12
Ints — (1+28)In=5. (4.161)
HB HB

Hence, separate variations of « and 3 independently probe the resummation of both types
of logarithms. (Changing them together, would effectively double-count the variation for

one or the other set of logarithms.)

The precise range of a and § values is to some extent arbitrary. For our analysis of the

resummation uncertainty Apesum We choose the four parameter sets

(o, B) = {(+1,0), (—1,0), (0,—1/6), (0,+1/6)}, (4.162)

which fulfill the requirements in Eq. (4.155). The « variation is shown by the dashed
curves in the first plot of Fig. 4.11. It yields the typical factor of 2 variation in the soft
scale for 7<% — 0, and a corresponding factor /2 in pp. The 8 variation modifies the
canonical relation between up and pg “half-way” from /ﬂB = u;/ 3,u§{/3 to ,uZB = ,u?g/ 3/”1437
and is shown by the dotted lines in the right plot of Fig. 4.11. For most of the relevant 71
range, all four variations have an effect of similar size on the scale ratios in Eq. (4.159).
For T — 0, the 3 variation generates roughly a factor of 2 variation in pp, while keeping
ps fixed. (Since for small 7 the scales up, up, and pg are widely separated, this still

maintains the required scale hierarchy.)

We then define the overall resummation uncertainty as the maximum absolute deviation
from the cross section evaluated with central profiles when performing the pup and pg

profile scale variations,

Aresum(TCUt) — n‘}ax ‘US(TCUt) _ O_Sentral(Tcut)’ , (4163)

VE Vresum
where Viesum denotes the set of four variations in Eq. (4.162). This resummation uncer-
tainty together with the fixed-order uncertainty in Eq. (4.154) then determines the total

uncertainty of the 0-jet cross section as given in Eq. (4.153).

Finally, we should mention that in principle one should also vary the other profile param-
eters zg and {z1,x2,z3} in Egs. (4.151) and (4.152). However, at the NLL/’+NLO order
we are working, the resulting cross section variations are much smaller than those from
varying puro, «, 3. This could change at higher orders, at which point these additional

profile parameter variations should be included.
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Figure 4.12: Cumulant NLL' resummed and NLO nonsingular cross sections as a function of
Teut, The two plots in the first row show the comparison between the two variants of Tg-type
and To-type veto cross sections, respectively. The last plot shows the comparison between the
corresponding contributions to To and Tp-veto cross sections. The resummation/FO scales in the
cross sections displayed here are given by the central profiles.

4.11 Results

In this section, we present numerical results for the Higgs+0-jet gluon-fusion cross sections,
(70(’7;26JD < T, using the four rapidity-weighted observables 7;3'“ = éet, legectm, T ngm
for the jet veto. For all our cross section predictions we employ the MSTW 2008 PDFs [93]
together with their corresponding default value of ags(myz). We use LO PDFs at NLL
and NLO PDFs at NLL'+NLO, such that the PDF order agrees with the perturbative
order of the FO cross section components. For all our results, we set my = 125 GeV and
FEeym = 8TeV, except for the comparison of the 7get—binned cross section to the ATLAS

data, where we use my = 125.4 GeV as in the measurement.

We first display the resummed NLL’ and nonsingular NLO contributions separately and
the full NLL/4+NLO results given by their sum for the jet-vetoed (cumulant) cross sections
as a function of 7% in Fig. 4.12. In the first row we compare the two observables of TEJ;%
type, respectively. In the second row of Fig. 4.12 we compare the same results for Téet and

chft with each other.
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The NLL’ resummed contribution to the Tgitm cumulant cross section (blue dashed curve)
is larger than the one to the 7?—5,“ veto cross section (blue solid curve). This is due to the
additional Y-dependent terms present in the factorization formula for Téitm in Eq. (4.137)
(which with the resummation switched on also depend on 7°"). As a consequence, the
nonsingular contribution to the Téitm cumulant (green dashed curve) is slightly more nega-
tive than the one for Tget (green solid curve), so that the sum of resummed and nonsingular
contributions for each observable reproduces the same total cross section for 7% — oo.
This can be seen directly from the combined NLL'+NLO cross section in solid and dashed
dark orange curves that approach the same constant value for large 7<%, For 7" — 0 on
the other hand the Sudakov resummation forces the NLL/+NLO cross section to vanish.
Note that for the cross sections integrated over the full Y range shown in Fig. 4.12 the
difference between the resummed NLL'+NLO predictions with a 7}§ectm and a T];Et veto is

hardly visible. The same discussion holds for the comparison between T(in;j and Téet shown
in the second plot of Fig. 4.12.

In the second row of Fig. 4.12, we see that the NLL'+NLO cross section for ’7get < Teut
is larger and approaches the total cross section sooner than the one for Téet < T, This
difference in the shape of the cumulants arises due to the larger constant term in the
NLO soft function Sgcg than in ng [cf. Egs. (A.14) and (A.20)], which enters as part
of the resummed NLL’' contribution to the cross section, Eq. (4.136). Since the total
cross section at large 7° has to be the same for both observables, the larger singular
contribution for ’Téet must eventually be compensated for by its nonsingular contribution
when integrated over a large enough range of Téet < T which is indeed more negative
than for 'Tget < Teu,

To analyze the differences between the two versions of the Tgetc—type variables in more
detail, we compare in Fig. 4.13, the 7]%“ and @itm cross sections integrated over different
|Y'| ranges (bins). The plots in the first row of Fig. 4.13 show the spectrum and cumulant
cross sections for lege(zm) in the |Y| < 2 bin, respectively. Qualitatively they look very
similar to the corresponding plots for |Y| < In(Eeym/mg) (ie. the full Y range), except for
the somewhat reduced total cross section in the right panel of Fig. 4.13 due to the reduced
Y range. In particular, the Tg‘t < T and Téitm < T vetoes again yield practically the
same NLL'+NLO cross sections.

The differences between T};et and Téitm get more pronounced at larger Higgs rapidity Y.
(The decrease in the overall normalization of all cross sections in the right panels of Fig. 4.13
for larger Y is due to the PDF suppression.) The Tée(im) spectra in the left panels of
Fig. 4.13 show that the singular-nonsingular cancellations happen at lower leget now, which
means that following the discussion in Sec. 4.10, the parameters in the profile scales have

to change accordingly. For the resummed cross sections in the 2 < |Y| < 3 and |Y| > 3
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Figure 4.13: The plots on the left show the differential distributions for Tge(tcm) for the Y] < 2
(first line), 2 < |Y| < 3 (middle), and |Y| > 3 bins (last line) to be compared with the first plot
in F'ig. 4.10, where the cross sections have been integrated over the full Y range. The plots on the
right show the integrated Tj_f;e(tcm) cumulants for the |Y| < 2 (first line), 2 < |Y| < 3 (middle), and
|Y'| > 3 bins (last line) to be compared with the first plot in Fig. 4.12, where the cross sections have
been integrated over the full Y range.

bins shown in the middle and last row of Fig. 4.13, we therefore set our profile parameters
to {x1,z2, 23} = {0.1,0.325,0.55} and {z1,x9,z3} = {0.1,0.275,0.45}, respectively. As
observed in the right panels of the second and third row of Fig. 4.13, the Téet and Tgitm
cumulants for the 2 < |Y| < 3 bin start to differ in their shape: the separation between
the respective resummed and nonsingular contributions is increased and the NLL/4+NLO
Téitm result considerably deviates from the one for Tg;et at small 7 values. These effects
are even more enhanced for the |Y'| > 3 bin. For very small values of 7" (< 2GeV) the
NLL'+NLO Téitm cumulants in the higher Y bins turn slightly negative. This unphysical

effect is formally higher-order and due to a lack of Sudakov suppression of the large non-
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Figure 4.14: Cumulant cross sections for Téet < T (left panel) and T(j;et < T (right panel).
The (overlapping) green and blue bands represent the NLL and NLL'+NLO predictions with the
corresponding uncertainty (o) from scale variations according to Sec. 4.10.1, respectively. The
dashed and dotted lines indicate the respective default predictions using our central profiles for the
resummation/FO scales as explained in Sec. 4.10.

singular corrections meaning that the resummation for Tgectm is less effective than for 7%“.
The above conclusions from the analysis of the Y-binned cross sections likewise hold for

the T({,?im) observables.

In Fig. 4.14, we finally present the resummed Higgs+0-jet cross section predictions along
with their perturbative uncertainty bands (+A() obtained by the scale variations defined
before. To study the convergence of our resummed predictions and validate out uncertainty
estimates, we show the NLL bands in green color and the NLL/+NLO bands in blue color
for Ti—ft < T (left panel) and Téet < T (right panel).

We observe a substantial decrease in uncertainties going from NLL to NLL/4+NLO, which
is mostly due to NLO singular matching corrections, which partly cancel the scale vari-
ation from the NLL resummation factors. Both NLL/+NLO bands have an overlap with
their NLL pendants that is consistent with our uncertainty estimates. We emphasize how-
ever that more solid conclusions about the order-by-order convergence of the perturbative
predictions can be drawn once also the next higher order, i.e. NNLL'+NNLO, is known,

which is left for future work.

At T ~ 25GeV, we find a perturbative uncertainty of about 20% for our NLL'4+-NLO
predictions, which is largely driven by the sizable FO uncertainties. It is also comparable
with the precision obtained for the pj;t—vetoed cross section at the same order in [25].
Similar to the case of pj;t, we also expect a substantial improvement in the precision for
Tgftc when eventually going to NNLL/+NNLO. For 7% ~ 100 GeV, we find a perturbative
error of about 13%, which effectively equals the scale variation uncertainty of the total 72-

improved NLO cross section.
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Figure 4.15: Comparison of the gg — H — ~~y cross section at NLL'+NLO in bins of TéEt to the
ATLAS H — ~vy measurements [38]. See the text for further details on the applied corrections.

Last but not least, in Fig. 4.15 we compare our prediction at NLL'+NLO in bins of Téet
with the recent ATLAS measurement in the H — ~ channel [38|. Currently, the mea-
surement has an underlying technical cut on reconstructed jets of py; > 25 GeV, which
effectively moves events between the first two bins. We correct for this effect by applying
an extrapolation factor from Monte Carlo simulation.To directly compare with the mea-
surements, we multiply our predictions by the H — 7 branching ratio of 0.228+0.011 [53|
and apply several correction factors as given in [38]: The diphoton kinematic acceptance
and photon isolation efficiency are essentially independent of Tget, while nonperturbative
corrections due to hadronization and underlying event are practically irrelevant. Finally,
we also add the contributions from other production channels as estimated in [38], and
which are shown by the green dotted lines. For the uncertainties in our NLL/4+NLO pre-
dictions we propagate the App and Apesum uncertainties by taking the differences of our
cumulant predictions at the two bin edges separately for each profile variation. We also
add in quadrature an 8% uncertainty for PDF+«; uncertainties (which we take to be the

same as for the total cross section since they are mostly independent of 7¢;). g

4.12 Conclusions

In this chapter, we briefly discussed different types of jet-veto obseravables and introduced
the rapidity-dependent jet-vetoes Tii;e(zm) and 72,?2111) which have two different types of ra-
pidity weighting and related resummation properties. We gave a brief overview of the

SCET Lagrangian, factorization and resummation in the framework of SCET in particular

5At present this extrapolation introduces a nonnegligible MC model dependence. To minimize this
in the future, it would be advantageous to try to reduce the lower cut on reconstructed jets as much as
possible and/or slightly increase the lowest 7¢; bin edge.
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we sketched the proof of factorization formula for Drell-Yan cross section differential in
inclusive beam thrust. We extended it to predict factorized cross section for Higgs pro-
duction differential in the rapidity-dependent observables Tget and 7get. We also discussed
the resummation of these cross section with a veto 7}iet < T, Since their resummation
structure is notably different than for the p]:ﬁt observable, rapidity-weighted ﬂet—binned
cross sections yield valuable complementary information on the properties of additional jet
production in a given hard process. Experimentally, such generalized jet vetoes have the
advantage to provide efficient methods to veto central jets, while relaxing the phase space
constraints (and therefore the requirements on the measurement) for jets with increasingly

forward rapidities.

As a concrete example we considered Higgs+0-jet production through gluon fusion at the
LHC, and presented cross section predictions at the NLL/+NLO level for all four jet-veto
variables. We computed the NLO cross section differential in rapidity Y and the four
’7?% observables, and used subtraction method to obtain the nonsingular corrections to
the H-+0-jet cross section. We analyzed the theoretical uncertainties in the NLL'+NLO
cross section via combined scale variations of the different involved resummation and FO
scales. We find that the level of theoretical precision that can be reached for such rapidity-
weighted jet-veto observables is comparable to what is currently possible for p];ft vetoes.
Comparing our analytic predictions for the ’7'CjVet—binned cross section with a recent ATLAS
measurement in the H — ~7 channel [38] we find good agreement. Hence, there are
strong motivations that rapidity-dependent jet-vetoes, like the Tée(im) and ’7'ijztcm) variables
discussed here, should be measured in other hadron collider processes such as Drell-Yan,
diphoton, and weak diboson production at different invariant masses and rapidities of the
produced color-singlet state. This will provide stringent tests of our understanding of jet-
veto resummations and jet production in general. In turn, such generalized jet vetoes can
be utilized to optimize signal selections in experimental analyses that rely on jet-binning,

such as Higgs property measurements or new-physics searches.

As mentioned in Sec. 4.6.3, at O(a?2), there are corrections to the factorization formula due
to clustering and soft-collinear mixing effects. These corrections were absent at NLL’ when
there was a single emission. However going to NNLL'4+ NNLO requires us to take into
account these corrections. We particularly consider corrections due to the clustering of two
soft or collinear particles into a single jet which contributes to AM®t in Eq. (4.117) and
give rise to terms like o In"~! R. These are important for small jet radii typically used in
current experiments. In the next chapter we will compute these clustering corrections in
the soft and the beam functions at NNLO.






Chapter 5

Clustering corrections in the beam

and soft functions

In this chapter, we will compute the leading jet clustering corrections in the soft function
and partly in the beam function (for one color structure) at O(a2) for the two jet-based
observables Tgft and Téet, These give rise to logarithms of the jet radius R in the cross
section predictions at NNLL'+ NNLO, and are important for the typical jet radii currently

used in the experiments.

5.1 Introduction

As discussed in the previous chapter, for jet-based observables at O(a2), a non-trivial
clustering can take place between two emitted partons leading to some dependence on
the jet radius R. This dependence on the jet algorithm can arise due to the clustering
of two particles within the same (soft or collinear) sector or the mixing between the soft
and collinear sectors. The correction to the measurement function is given by (as in the

previous chapter)
M = (Mo + AME)Y My + AME)(Ms + AME) +6ME. (5.1)

where, (5./\/11?0 arises from the clustering of a soft and collinear particle into a single jet,
and is an O(R?) effect. AMI® contains two contributions: first arising from the correlated
emissions which give rise to logarithms of R and are remnants of a collinear divergence
(for R — 0) between the two particles. Second arising from the independent (uncorre-

lated) emissions within each sector which are of O(R?) like the soft-collinear mixing. The

107
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measurement, function for the clustering arising from two independent emissions has the

form
AM™PIP = AMEEP + AMESP + Msc ~ O(R?), (5.2)

where S5, CC denote the independent emissions from soft and collinear sectors respectively
and SC denotes the soft-collinear mixing. The factorization formula holds only upto the
soft-collinear mixing terms, therefore they should be small and this is true if R ~ A < 1.
For the current experimental analyses, R = {0.4,0.5}, so the correction due to AAMndeP
including the soft-collinear mixing are indeed power suppressed. In this limit however, the
corrections due to correlated emissions giving rise to logarithms of R become important,
which we will compute for the beam and soft functions in this chapter. These corrections
are relative to the global jet-algorithm independent measurement function, so one natural
choice is to define the global measurement as the inclusive beam thrust one which is

independent of jet algorithm effects. Such a measurement is given by

Mi(TCUt) — 6( Z 7}m < Tcut) ’ (53)

mé&ithsector
where ¢ denotes the collinear or soft sectors. We choose the inclusive measurement as
the global one because the soft and beam functions are known upto NNLO [84,94]. The

measurement function for the clustering correction relative to this inclusive measurement

18

AMENT™™) = 0(AR1 < R)O(TI < T + 0(AR12 > R)O(Tp < T)0(Tpa < T°M)
—O0(Tj1 + Tpa < T (5.4)

Here if the two particles are within a jet radius R, i.e. ARjs < R, then they are clustered
into a jet and 7}iet which is the observable for the clustered pair, is contrained to be less
than 7. If the particles are more than R apart, the constraint is imposed on the Tr
of each particle. The last term is the inclusive measurement which is subtracted so that
M; + A./\/ljft is equivalent to the full measurement. This measurement can be simplified
further, with the relation 7?“ = Ts1 + T2, except for the case where the two particles
are in the opposite hemispheres and still cluster which is an O(R?*) effect. Neglecting such

higher order effects, the measurement function becomes

AMiet(TCut) = 9(AR12 > R) 9(7}1 < TCut)Q(’]}Q < Tcut) _ 9(7}1 + 7}2 < Tcut)] .
(5.5)

This measurement function holds for both soft and beam functions.

The bare clustering corrections are UV-divergent and contribute to the two-loop beam
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n

Figure 5.1: At O(a?2), there are 5 classes of diagrams. Here the endpoints of the gluons can be
attached to the points on the Wilson lines labeled by a ‘x’ in any order. Diagram (a) contains a
correlated contribution when the gluons attach to two different Wilson lines and an independent
(uncorrelated) emission contribution with both the gluons attaching the same Wilson line (which
we don’t consider). Diagrams (b), (¢) have a three-gluon vertex, and diagrams (d), (e) and (f)
correspond to vaccum polarization with gluon loop, quark loop and a ghost loop respectively.

and soft anomalous dimension. For the soft function, we need to compute the clustering
corrections separately for the two observables 'Tget and Téet because the measurement
function is different. The beam function being the same for both Téet and chvEt (the
measurement function for 7get being equal to Tget at forward rapidities as discussed in
subsec. 4.6.3), the clustering corrections are exactly the same and so it is sufficient to
compute them only for Tgft. Because the beam function clustering correction is the same
for nget and Tjet, from RG consistency, the 1/e coefficient of the clustering correction in
the soft function should be the same for both the observables and this will serve as a cross
check of our results. However the non-divergent constant terms can be different for chf’t

and Tgt. Let us first start with the clustering corrections in the soft function.

5.2 Clustering corrections in the Soft function

We obtain the non-Abelian matrix elements for the bare 2-loop soft function from [94]. To
compute the clustering corrections from correlated emissions, we consider all the diagrams
shown in Fig. 5.1 except a part of the first diagram which has two independent (uncorre-
lated) emissions. This part with two independent (uncorrelated) emissions contributes to
the A./\/lglgep and is of O(R?). We don’t include these independent emission diagrams in
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our calculation as they give rise to corrections that are O(R?) suppressed for small values
of the jet radius R. These have been computed in Ref. [70] and combined with Aaicr,lgep

and Aaglgep in order to obtain a finite contribution proportional to R?.

In order to compute the clustering corrections from correlated emissions, we use the mea-
surement function defined in Eq. (5.5). The clustering correction in the soft function is

given by

A%y d%k .
L= %2 A(ky, ko) AMI® (ky, ko) C (k1 )C (ko) (5.6)

A5(2)(k1,k2) = o) 2n)d

where k1 and ky are the momenta of emitted gluons, C(k) = 2w5(k?)0(k") is the cut
propagator and the amplitude obtained by adding all the non-Abelian diagrams is given
by [94]

C2g4u4€
Ak, ke) = A — (=14 kT ki ks bk (kT ks — k7 k)?
A ) S T R G 1 R PO gL IR )
= 2(k1k2)? (ki + k) (k7 + k) (ky (2K + k) + kg (K + 2K3)) + kvka(ky + k)
(K 4 k) (k7 )2k (2K + k) + ki (kg )2 (kT + 2K35) + 2k kg ((K7)% = kRS + (R3)))]
2C4Tn rg* e o -
Ap(ky, ky) = ALI9 B s [2k1 R (ky + k) (B + k) — (b ky — ky k32

(k1k2)2(ky + kg )2 (ki + k)
(5.7)

Rewriting the d-dimensional phase-space integral in terms of different light-cone compo-

nents, we get

dky dk, 1 evm2e (w1/2r(1/2—e)

(2m)d (QTF)dC(kl)C(kZ) = (1672)2T(1 — ¢)2 )*1 /Oo dkfdk;rdkfdkg

F(l — 6) 0
x (ki k] ks ky )¢ /0 dA¢psin A2 (5.8)

Plugging this back into Eq. (5.6), the clustering correction in the soft function is given by

AS) (ky, ko) =

1 eve2e  rl20(1/2 — €)
(1672)2 (1 — ¢)? (

« / dAG sin Ad=2 A, (k1, k) AM® (k1 k) (5.9)
0

1 [foo
i ) /0dk:fdk;dklde(kfklk;kZ)‘e

The above equation gives the soft function correction in terms of the momenta k; and
ko of the emitted gluons. It can be re-expressed in terms of the observables Téet or T(J;,et
and a suitable set of coordinates which can be related to the jet radius dependence in the

measurement function. We will first compute the clustering corrections for Téet.
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5.2.1 Clustering for 7.

The constraints from the measurement function given in Eq. (5.5) depend on AR which is
defined as AR = \/Ay? + A¢?, where y is the rapidity and ¢ is the azimuthal angle. In
order to express the amplitude and phase space in terms of these, the coordinates we use

jet
for ’Tf; are

1 ki 1 ko 1
1 2 0g — k‘+ ) 2 0g —+ k’Q y Yt 2(y1+y2) ) Y Y1 Y2
k‘f T
= = , Tr=k +ki =Tp + T
(kf + k) Te1+Tne rehn pr B
Lk 1/2(kky 4+ kyky) — ki
cos A = :i ]221_ _ [2(ki kg + kg ki) — kike . (5.10)
| 1 | 2’ Mk;fk;k:;k;
In terms of these coordinates, the amplitude becomes
ATB _ 49 C2 4e 1
A (cosh Ay — cos A¢)(cosh Ay — (1 — 2z) sinh Ay)
[(1 — 2+ 22) cos Ag cosh Ay — (1 — 22) cos A¢sinh Ay — z(1 — 2)+
(1 —€)2%(1 — 2)? sinh Ay?
(cosh Ay — cos A¢)(cosh Ay — (1 — 2z) sinh Ay)
1 22(1 —2)
ATB — 4 40 T 4e
f g At [(cosh Ay — cos A¢)(cosh Ay — (1 — 2z) sinh Ay) 2
[1 — 2cos A¢cosh Ay + 2(1 — 2z) cos A¢ sinh Ay + (cosh Ay — (1 — 2z) sinh Ay)Q] :
(5.11)

The measurement function can be expressed in terms of the variables T and z as

MJet(Tcut) (Ang > R) |:0(TBI < Tcut)e(TBQ < Tcut) _ G(TBl 4 TBZ < Tcut)}

1
— 20(ARy, > R)@[Tcut <Tr < th—} . (5.12)
max (z,1 — z)
We have multiplied by 2 to account for the case where both the gluons are in the other
hemisphere (i.e. Tp is equal to the minus component of momenta). Finally the soft function

correction for the Téet veto in terms of the variables defined in Eq. (5.10) is

cut 4 efYEQE 1/2F 1/2 — 6 / / /
(T )= (1672)2T(1 — €)? ( T(1—e) dTr dz dyy

—1 4de

/ dAy/ dAd ji—z (2*(1 —z)2)*6674674%4]-73A/\/ljet sin Ap~2¢. (5.13)
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The only dependence on 77 is in the measurement functions. Integration over Tr gives

/OO dT 7"717466 [Tcut < T < Tcut 1 _ (Tcut)—4e (1 — mnax [Z, 1-— 2]46)
0 T'r T max (z,1 —2)] de
= (T°%)~4¢(—log[max (2,1 — 2)] — 2log?[max (2,1 — 2)]e).
(5.14)

The integral over y; can also be performed as the matrix element and measurement function

are independent of y;. This integral yields,

oo 1
Ay, = —. 1
/0 € Yi Ie (5.15)

With the remaining integrals, the soft function correction is given by

@) ety = 8 eVE2e ( 1/2p(1/2—6 /dz/ dAy/ dA¢

(1672)2T(1 — €)? I(1—e¢)
2(11_ 0= ) AP B + Ag? > R (T
(—log[max (2,1 — 2)] — log®[max (2,1 — z)]e) sin A¢~2¢. (5.16)

We evaluated the integrals in Eq. (5.16) and obtained

2) (renty — (%)2 (T/jut)‘“{je [03 (31 log R + fl(R)> + CaTyny (Bg log R + fg(R))}

r? (01 log R+ Colog? R + fg(R)) + CaTyny (03 log R + Cylog® R + f4(R)) } ,
(5.17)

where the coeffficients By, B, C1, Co, C3, Cy and the functions fj_4(R) are computed

below.

In order to extract the log R coefficients By, Bs and the functions f1(R), f2(R), we can
simplify the above integral by expanding in the ¢ — 0 limit,

cut 8 Cut
@ (Tt = W%W / dz/ dAy/ quﬁ
A}—B(—log[max (2,1 = 2))0(Ay* + A¢* > R?). (5.18)

The left over integrals are finite and the result is of the form alog R+c+O(R?). To extract
the coefficients B; and Bs of the leading log R terms, we can expand the amplitudes in
the small R limit, which implies we expand in the small AR limit. This allows us to
obtain By and By analytically, though the constant terms we get are not right (because we
neglect higher R effects). Expanding the amplitudes in Eq. (5.11) in the small AR limit,
by keeping only the O(1/AR?) terms, and dropping the higher O(AR?) dependence, we
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get
4 12(1-2)
Ts _ 4,4 4e 2 2
2 222(1 — 2)2Ay2(1 — )
T8 __ 2 de _ 2\ _ _
Alfy = 49" Chu"* 3 [(1 222 21— 2)+ NG ] (5.19)

These amplitudes can be integrated over dAy and dA¢ using the master integrals,

dAg 1
Ay 6(A =-1 log 2
/ d / - AR2 (AR > R) og R + log 27,

dA¢ 2A 1
/ dAy/ da¢ y4 O(AR > R) = —log R + log 2w + — . (5.20)
oo ™ AR 2

Carrying through the integrals we get

1
/dz/ Ay / dA(blogmai(jz) )]H(AR12>R)AZ§%:4g4C§1

[ (131 — 1272 —13210g2)log(R> o= 13+1210g2)}

/dz/ iAy / dA¢ log[max (z,1 — )]Q(AR12>R)A;@%=

z(1—2)
4g*CuTyn ppi*e [ (23 — 2410g 2) log ( R) + (13- 1210 2)} . (5.21)
18 2 36
The above analytic result gives
-1
B, = E(Bl — 1272 —132log?2) , By = ?(23 —24log?2). (5.22)

To obtain the right constants and the R-dependence, we consider the full amplitudes as
given in Eq. (5.11) and perform the integrals in Eq. (5.18) numerically at different values
of the jet radius R to get the constant and R-dependent functions F(R) and F5(R) from
fitting the result.

For the non-divergent ¢” terms, we can extract the coefficients Cj_4 analytically in the

small R limit as before. Considering Eq. (5.16), the master integrals for Ay and A¢ are
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given by,

¢—2€ 1
/ dAy / dA¢A¢2+A 5 0(Ap? + Ay? > R?) = 27r10g47r — mlog R+

(12+ —rlog?4 — wlog? m — mlog4log R + 7 log? R>+O( ),

202 AP~ T
/ dAy/ dA¢ A¢g+z2) (A¢2+Ay2>R2):§+7rlog2+7rlog7r—7rlogR

+6<2 +E+7rlog22+7rlog2—7rlog 7 — mlog R — wlog4log R + 7 log? R)—i—O( ).
(5.23)

Here, in order to simplify the result, we have kept only the leading terms in €. The integrals
for A¢ and Ay in Eq. (5.16) with (A;rB — AJTE) are performed using the above formulae
and then the left over z integral is trivial. We then expand Eq. (5.16) to €” considering
the full amplitudes from Eq. (5.11), and integrate the expression numerically at different
values of R in order to obtain the R-dependent functions F3(R) and Fy(R) from fitting.

Thus the final result for the clustering corrections in the soft function for ’Téet is

(@) (Teuty = (O:)Q(Ti‘ut)%{ie[03{18(131—127r — 13210g2)log R+ f1(R)}
—i—CATfnf{%l(QS— 241og 2) 10gR+f2(R)}] —i—Cfl(Cl log R+

Cylog? R + f3(R)) + CuTyny (03 log R + Oy log® R + f4(R)) } . (5.24)

where
1
Ci = 216[1580 — 13272 — 864¢[3]] , Ca = 5[131 + 1272 + 1321og 2],
1 1
24 247“ — 36log 2 = —[23 — 241log 2| . 2
Cs = 108[ 5+ 2472 — 36log2] , Cy 36[ 3 0g 2] (5.25)

and the R-dependent functions fi(R), fo(R), f3(R) and fi(R) are defined as

fi(R) = F1(R) — Bilog R , f2(R) = F>(R) — B2log R
f3(R) = F3(R) — C1log R — Cylog? R, f4(R) = Fy(R) — C3log R — Cylog? R (5.26)

where Fj_4(R) are the best fit curves as shown in Fig. 5.2. The data points in the top
panel of Fig. 5.2 are obtained by performing the integrals in Eq. (5.18) numerically at
different values of the jet radius R for the two color structures C% (in orange) and C4T¢n ¢
(in blue). The orange (C3) and the blue (CaTyny) solid curves in Fig. 5.2 are the best fit
curves (Fi(R) and F5(R) respectively) with the parametric form,

F(R) = alog R+blog> R + f(R) (5.27)
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Table 5.1: Coefficients for the fitting functions Fi(R), Fy(R), F3(R), Fu(R), F5(R) and Fs(R)
for the soft function and G1(1, R), G2(z, R) for the beam function. Each F;(R) is plotted in Fig. 5.2
and Fig. 5.3 and G1(1, R), G2(z, R) is plotted in Fig. 5.5.

Observable  function a b c d e f g
T Fi(R) -438 0  -0937 0.653 -0.011 0.0002 0.0013
Thc F(R) 0707 0 0.747  0.019  -0.0004 -0.0001 -0.0008
T F3(R)  -3.525 1.096 -0.549 0.813  -0.340 -0.064  0.496
T Fy(R)  -0.306 0.1767 0.363 0.003  -0.001 -0.0097 -0.00002
7o F5(R)  -3.525 1.096 -0.479 6.675  -6.29 5.35 8.59
7o Fs(R)  -0.306 0.1767 0.382 -0.020  0.023  -0.030  -0.035
T Gi(1,R) -0.189 0.0883 0.273 -0.0076 0.00015 -0.0043 0.00036
T G2(0.1,R) -1.464 0  -3.092 -17.059 19.68  -21.98 -22.478
T G2(0.5,R) -0.198 0  -0.306 -2.139 2461  -2.753  -2.802

where

f(R) = c+dR*+ eR*+ fR%*log R+ gR*1og R.

where a = {By, B2} and b = 0 for the 1/e terms, a = {C1,Cs} and b = {C3,Cy} for the
€? terms. The other coefficients obtained from fitting are as shown in the Table. 5.1. We
have also cross-checked that we obtain the right coefficients By, Bs and Ci_4 by letting
them float free in the fit.

The plots in the lower panel of Fig. 5.2 similarly show the data points obtained by ex-
panding Eq. (5.16) to O(e”) and integrating it at different values of R. The corresponding
best fit curves are represented by functions F3(R) and Fy(R) respectively, having the same
parametric form as in Eq. (5.27), with a = C; or C3 and b = Cs or Cy and the other

coefficients as given in Table. 5.1.
The correction to the two loop soft anomalous dimension is given by
2 2
@
A’Yg) (TCUt,M) _ ( si“)) ng—z) ’ (528)

where

oD _ <T/jut)4e [Ci{%(131 ~ 127 — 13210g2) log R + /1 (R) |+

CATfnf{%l(Q?) —24log2)log R + f2(R)}} . (5.29)

The soft anomalous dimension from these clustering effects is cancelled by the anomalous
dimensions of the beam function leaving a fixed-order contribution that has a logarithm

of the ratio of the beam and soft scales.
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Figure 5.2: Top panel: Plot for the 1/e terms in Eq. (5.24) as a function of the jet radius R for
C? and CaTyny color structures, showing both data points and the corresponding best fit curves
Fi(R) and Fy(R). Bottom panel: Plot for the € terms in Eq. (5.24) as a function of R for C3
and CaTyny color structures, showing both data points and the corresponding best fit curves F3(R)
and Fy(R).

5.2.2 Clustering for 7"

Let us now compute the clustering corrections for Tjet, the steps being analogous to Téet
though more tedious. The measurement function for ’Tget is analogous to Eq. (5.5) and is

given by

AMI(T™) = 0(ARyy > R)[0(Ter < T)0(Tes < T) = 0(Ten + Ton < T°)]
1

— cut ! cut _ -
— 0(ARy» > R)@[T T < T T (5.30)
where
Ter
T =Ter+Ten , 7 =—CL 5.31
T c1+ e z Ter + Ten ( )

In place of 7Tp and z defined earlier, we have for Tjet, 7/ and 2’ while the other variables
Ay, A¢ and y; remain the same as defined in Eq. (5.10). In order to express the correction

in the soft function given by Eq. (5.9) in terms of these new variables, we have from the
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definition of 77,

ki ky Ckyky

T = ’ 5.32
b= T (5:32)
which implies we can express k‘f and k;r as
kf = Tor(e™™ +1) = 2/ Tj(e~@utav) 4 1)
K = Toa(e ™ 1) = (1 #)Th(e~ =5 1 1), (5.33)

The amplitudes in Eq. (5.7) can be expressed in terms of these new set of variables as,
1

(cosh Ay — cos Ag)(cosh Ay — (1 — 22) sinh Ay)

(1 — %+ 2%) cos Ag cosh Ay — (1 — 2%) cos Agsinh Ay — 2(1 — 2)+

(1 —€)2%(1 — 2)? sinh Ay? ]
(cosh Ay — cos A¢)(cosh Ay — (1 — 22) sinh Ay)

1 25(1 - 2)
(cosh Ay — cos A¢)(cosh Ay — (1 — 2Z) sinh Ay) 2

1 — 2cos Apcosh Ay + 2(1 — 23) cos A¢ sinh Ay + (cosh Ay — (1 — 22) sinh Ay)?

AZ;C — 49402 4e

A}’c = 4940,4Tfnf,u46

(5.34)
where 2 is given by
. 2'[(cosh Ay — sinh Ay)2e”Y 4 2Vt (5.35)
T ey eA¥(1 4 2/[—1 + (cosh Ay — sinh Ay)2]) ’ '
The phase space factor from Eq. (5.9) in terms of these variables is given by
eve2e  rl2T(1/2 — €)\ -1 o e —9¢
R ( i ) /dkl dk; diky dky (kf ky kf k3 )¢ sin Ag™2dA¢ =
eve2e  pl2D(1/2 — €)\ -1 —4 )
—2(Ay+2yt) ( ,Ay 2y1)2(1 Ay+2y:\2
r(1—e)2( T(1—o) ) T+ )7 (74 ) (1 + e
TH (=14 2)%2"?)} ~Csin A 2dTd2 dAydydAd . (5.36)

Combining the above phase space factor with the amplitude and measurement function,

the full correction to the soft function for Tgvet is given by

cut 4 eVl 1/2F 1/2 — 6 / / / /
DT = (1672)2T(1 — €)2 ( NG d?' dAy [ dy | dA¢
Z’(ll_zl)(zﬂ(l — Z/)2)—5{6—2(Ay+2yt)(eAy + e2yt) (1 + eAy—i—Qyt) }_e <in A¢_2€
AZCH(ARQ > R (T)~4¢(— log[max (#/, 1 — 2')] — 2log?[max (', 1 — 2')]e) .
(5.37)
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The result of performing these integrals is the same as given in Eq. (5.17), with different

coefficients which we will compute below.

In order to extract the 1/e terms, we can expand the phase-space factor in the € — 0 limit.
For the log R coefficients By and Bs, we also expand the amplitude and phase space in the
small AR limit. This simplifies the phase space factor to

—4 —4yt1 2y 4774 -1 N2 12\ —€
b B, AT T+ 22

5.38
e—0,Ay—0 73Q(_1 + z/)zl ( )

Expanding the amplitudes in Eq. (5.34) in the small AR limit, we obtain the same expres-
sions as for 75 in Eq. (5.19),

4 {z’(l -2
AR* 2

2
AZ;% = 4407t AR {(1 — 4+ A=)+

A}—% = élgA‘C’,Llenf,ufl6 (AR2 — 42/ (1 — z’)AyQ)} ,
22"2(1 — 2')2Ay?(1 — 6)]
AR? ‘

(5.39)

This is as expected, because the 1/¢ coefficients which contribute to the anomalous dimen-
sions for ’Téet should be the same as ’Tf;t, because the beam functions are the same. As for
Tjet, the 7 dependence in the small AR limit occurs only in the phase space factor ®g.

Integrating over y; we get,

00 4(6—4yt(1 + e?yt)4)—e7,'1/;1746 473/171745 1 7T2 )
/_oo_ (=14 22 dyr = (1427 (2? a ?E—{_O(E )> - (5:40)

The 7] integral can also be performed over the measurement function as in the case of
Téet. The soft function correction for T(jjet after the y; and 77 integrals in the limit of
(e, AR) — 0 is given by

4 ! o 9 dA¢ /1 1
(2) cuty _ % / L
ASP (T (16W2)2/0 dz /_OodAy/O m— (26)z’(1—z’)

ATEO(AY? + Ag® > R?)(T°)~1¢(~ logmax (', 1 — 2)]). (5.41)

These integrals are again finite and of the form alog R+ c+ O(R?). The integrals over Ay
and A¢ can be performed using the master formulae given in Eq. (5.20) and we checked
that we obtain the same coefficients as for TEjft in Eq. (5.22). To determine the constant,

we can consider the integral over the full amplitude,

/ Ale = / (ATe — ATe) + / Alg (5.42)
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where the integral over the difference is given by

s (2 () [ s [T [ [ 220

emﬁ>mﬂ

746{6*2 Ay+2yt)( Ay 4 62%) (1+ 6Ay+2yt) }e

4g*jp
AR (g )] .49
4g*jpie

and where j = C% or CyTnyg, € ~ 107°. We use a subtraction method here because the
y; integral cannot be performed analytically when we consider the full amplitude and the
phase space (i.e. we cannot factor out the 1/e divergence). The difference A — AR gives
a finite result in the limit ® — 0. To obtain the right constant, the known result of the
integral over Ar needs to be added back. We found that this constant and the R-dependent
functions (given by Fj(R) and F»(R) in Fig. 5.2) obtained in this way agree with Tg,et as

expected.

For the non-divergent ¢” contribution, the log R coefficients C;_4(R) can be computed as
for 71%,% using the master integrals in Eq. (5.23) and the amplitudes in Eq. (5.39). We
know from Eq. (5.40), that there is no €” coefficient from the phase space. The log R and
log? R coefficients that we obtain analytically for ’Téet happen to be the same as given in

Eq. (5.25). For the constant, we perform the subtraction integral, A7, — A7, given by,

Tcut 46 /dz/ dAy/ dyt/ dA¢— )( 21— )2

a8 (1) =(2)'(

_ 2e
2 2| "9 —2(Ay+2y:) Ay 24 Ay+2y ¢ er

O(AR >R)[4 e {e (649 e2)2(1 4+ eAvtam? | F=

1/2 — e\ -1
(W) (—log [max (2,1 — 2)] — 2elog? [max (2/,1 — 2')]) sin A¢p~ ¢

—€
1 AP
/dz&(z -z )7r I ]M46 et (—log [max (2,1 — z)})] , (5.44)

where j = C% or C ATyny and € ~ 10~°. Here the subtracted term A;rB only contains the
right 1/e terms which cancel with ’Téet and the remaining finite O(€") result can be plotted
at different values of R to obtain an R-dependent function. The result of Eq. (5.44) is
plotted in Fig. 5.3, where the orange and blue data points are for the color structures C%
and CaTyny respectively. Functions F5(R) and Fg(R) parameterized by Eq. (5.27) are the

corresponding best fit curves indicated by the orange and blue solid lines in Fig. 5.3. Thus
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Figure 5.3: The plots show the numerical result of the integrals in Eq. (5.44) for C%4 and CaTyny
color structures plotted as a function of the jet radius R and the corresponding best fit curves F5(R)

and Fs(R).

the final result for the clustering corrections in the soft function for 7get is

ASD (T — (‘:T)Q(T“m)4{i [Ci{%(m — 1272 —13210g 2) log R + fl(R)}

-1
+ C’ATfnf{?(QB —24log2)log R + fQ(R)}] +C3 (Cl log R+

Colog R? + f5(R)) + CuTyny (03 log R + Cylog R? + fﬁ(R)) } . (5.45)
where C1, Ca, C3 and Cy are as defined for ’Tgft in Eq. (5.25) and the functions f; 2(R) are
as defined in Eq. (5.26) and

f5(R) = F5(R) — C1log R — Cylog? R, fs(R) = F5(R) — C3log R — Cylog? R. (5.46)

The correction to the soft anomalous dimension from clustering for 7get is the same as
Téet given in Eq. (5.28).

5.3 Clustering corrections in the Beam function

For the clustering corrections in the beam function, we will only consider here the CyTyny
contribution from the diagrams in Fig. 5.4 which allows us to check the consistency while

the full calculation including the C% color structure is analogous and is left for future.

The general setup for computing the clustering corrections in the beam function is similar
to the soft function with the measurement function given by Eq. (5.5). Because we defined
the clustering corrections relative to the inclusive beam thrust measurement, we can follow
the approach used in computing the partonic gluon beam functions at O(a?2) in [84] to

obtain the amplitudes for the Feynman diagrams given in Fig. 5.4. The On-Shell diagram
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Figure 5.4: Diagrams contributing to the calculation of CaTyny color structure in the clustering
correction for the beam functions at O(a2). The full amplitude is obtained by adding the contribu-
tion from all these graphs including the mirror graphs for (b), (c) and (e).

method as discussed in [84] is used to compute these diagrams in which all possible cuts
are evaluated by putting the particles crossing the cut on shell. For the beam functions,
there is an additional measurement delta function, §(w — P,), as we saw in Eq. (4.102)
which fixes the sum of the minus momenta of all particles in each hemisphere to be equal
to w = zp~. With this constraint, the correction in the gluon beam function in terms of

the momenta ki and ko of the emitted gluons is given by,

7r1/276 1—e

ABpeas k) = (75 —) (Fr=g) /O (K kb)) 560k + Ky — (1= 2)p")

dkdk$ dky dky x / (1 = cos® AG) " “Ap s AMI (kg ko)dAg, (5.47)
0

where Ap s is the amplitude for the diagrams given in Fig. 5.4 taken from Ref. [84] and
p~ is the total partonic n-collinear momentum. We use the coordinates defined for ’7}jft in
Eq. (5.10) to express Eq. (5.47) in terms of z, Tp, Ay, y; and A¢. To avoid confusion, we
rename the variable z defined in Eq. (5.10) by z;. The clustering correction in terms of

these variables is

1/2—e 1—e o0 1 0 00 T
bare (gcut _ T 4
ABgJ (T, 2) = (F[l/Q — e]) (F[l - e]) /0 dﬁ/@ 41 /oo o /oo dAy/O ae
(64%7‘742%(1 — zl)Q)_€47'T3z1(1 — zl)e4y*(1 — cos? Agp)~€

(5(217}62yt+Ay + (1 — 21)7}62yt—Ay _ (1 _ z)p—>AByanMjet(7-cut) .
(5.48)

The Tr dependence can be factored out and the integral over T can be performed over
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the measurement function as in the case of the soft function (Eq. (5.14)). Performing the

y; integral using the delta function in z we get

bare cut 7T1/2_E 4y 2\—e€
B (T >_(F[1/2—6 l—e / dzl/ dAy/ dAG(eM T2 (1 — 21)?)

4€4yt7—321(1 - Zl)(l - COS2 AQZ)) 6le nfm (549)
where
r_ 1+ (1—2)p~
=9 log (%(zleAy +(1— zl)e—Ay)) ' (5.50)

The integral in Eq. (5.49) is proportional to (1 — z)~172¢ which can be expressed in terms
of the plus distribution identity as,
1 -1
=—0(1—-2)+Lo(1—2)+0(e). (5.51)

(1 _ Z)1+2e 2¢

To compute the 0(1 — z) coefficients, we can take the z — 1 limit which simplifies the
amplitude Ap ,; to a great extent. In order to extract the log R coefficients analytically,
we expand the amplitude in the small AR limit as for the soft function. As before, the
integrals over A¢ and Ay can be performed using the master integrals in Eq. (5.20) and
the left over z; integral is trivial. To obtain the constant and an R-dependent function,
we perform the integrals in Eq. (5.49) numerically at different values of R, after expanding
the integrand in the ¢ — 0 limit. The 1/e term thus obtained in Eq. (5.52) is —1/2 times
that for the soft function in Eq. (5.24). From the factorization formula, the consistency
relation for the anomalous dimensions is given by 2v% + ¥, + ’yg = 0. Because the hard
function has no R-dependence, the divergence in the soft function due to clustering effects
is exactly cancelled by that in the beam functions for AB,,, = (—1/2)AS, which is the

result we obtained for the C4Tyn; color structure.

For the O(€%) terms, we follow the same procedure as in the soft function to obtain the
coefficients of log R and log? R analytically and the function g;(z = 1, R) from fitting. For
the Lo(1 — z) terms, we need to keep the full z dependence in the amplitude, but we can
consider the amplitude in the small AR limit to compute the log R coefficient analytically.
To obtain the constant and the R-dependence, for each value of z, the integrals in Eq. (5.49)
are performed numerically at different values of R and an R-dependent function gs(z, R)

is obtained by fitting the data for each value of z.

The final result for the corrections due to clustering in the bare partonic gluon beam



5.3. Clustering corrections in the Beam function 123

YYYYYYYTYYYYYY{YTYYYYY{TYTYYYY{YTYYYYY:

3.5 e numerical result (z=0.1)7

Gz(Z:O.]., R) E

e numerical result (z=0.5)§

2.5 G2(Z=0-5, R) =

R numerical result (z=1) 3

E:\ = Gi1(z=1,R) ]
& 15F
0.5 %

_0.5:1111111M

0 .2 0.4 0.6 0.8 1

Figure 5.5: Plot for the coefficient of Lo(1 — z) and 6(1 — 2)e° terms in Eq. (5.52) as a function
of the jet radius R and the corresponding best fit curves g1(1, R) and g2(z, R) for z = {0.1,0.5}.

function for Cyn ;T contribution is given by

2

ABDS(t ) = (0‘?)2 (tfut)zecATfnf 61 - z){%ﬁ [%(—23 +24log2) log R+ fo(R)|

2 1
+E<—68+47r2+2310g2+1210g22) logR+ﬁ(—23+24log2> log? R

+91(z = 1,R)} + Lo(1 — z){;—;(—% +241log2)Pyy(2)(1 — 2)log R

+ g2(2, R)H (5.52)
where " = zp~ T f5(R) is the best fit curve as given in Eq. (5.26) and
g1(1,R) =G1(1,R) — Ajlog R — Aslog® R , go(2,R) = Ga(2,R) — Azlog R.  (5.53)
with

9 1
A = 5(—68+47r2+231og2+12105;22) , Ay = 5(—23+2410g2)>

Ay = %22(—23 1 2410g2) Py (2)(1 — ). (5.54)

G1(1, R) and Ga(z, R) are the best fit curves as shown in Fig. 5.5 with the parametric
form given in Eq. (5.27). We have chosen z = {0.5,0.1} for illustration. We find that
the coefficient of the log R term in Eq. (5.52) is proportional to the gluon-gluon splitting

function as was shown in the case of clustering corrections for pjﬁt in Ref. [25].
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5.4 Conclusions and Outlook

In this chapter, we computed the clustering logarithms in the soft function and partially
in the beam function at O(a?2) for the jet-based observables Téet and Téet. At one-loop
when there is a single emission, there are no clustering and jet algorithm effects. At O(a?),
jet algorithm dependent corrections can arise due to the clustering of two collinear or soft
particles into a single jet. These corrections give rise to logarithms of the jet radius R
and are UV-divergent thus contributing to the 2-loop anomalous dimensions for the soft
and beam functions. This divergence is cancelled between the soft and beam functions,
leaving a logarithm of the ratio of the beam and soft scales in the cross section. For the
soft function, we calculated these corrections and found that Tget and chva have the same
anomalous dimensions while the non-logarithmic constants differ between the two. For
the beam function, we computed the corrections considering the O(a?) diagrams which
contribute to C4Tyny color structure and checked that this result correctly cancels the
divergence in the soft function for the same color structure. The clustering corrections for

the C’% contribution in the beam function is left for future work.

Considering the H+0-jet cross section at NNLL'+ NNLO, the clustering corrections con-
tribute to the two loop non-cusp anomalous dimensions and the 2-loop constants for the
beam and soft functions. After cancellation of the divergence, the left over term has a loga-
rithm of the ratio of the beam and soft scales and because for the 7?% veto, g ~ v/mp T cut

and pg = T, the clustering effect in the cross section has the form

as\271 my 2

Ao (T = o <?) [5 In (Tcut>c<7)(1n R) + AC(R)] . (5.55)

where C’f(,? ) contains the logarithms of R that contribute to the anomalous dimension (e.g.

Eq. (5.28)) and AC(R) is the 2-loop constant. At each order, there is a contribution from

the clustering correction which multiplies the resummed cross section and has the form,
Qs

AUM™ (R, T) = exp [(?nd(R)% log (;“fft)} . (5.56)

where Cy(R) ~ CV V" 'R+ P 2R+ -+ CV IR + CV(R). CV(R) are
the finite non-logarithmic terms. If one considers R ~ mpy /T, then these logarithms
are large and need to be resummed. For ;t, the leading a2 coefficients were computed
in [95] and found to be small. It is unknown if these coefficients are related or one needs

to calculate them at each order which can make resummation challenging.

The resummation for the H+0-jet cross section at NNLL’ requires determining the hard,
beam and soft functions upto O(a?), the anomalous dimensions of each upto O(a?) and

the cusp anomalous dimension upto O(a?). The NNLO result for the hard function, the
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two-loop result for the non-cusp hard anomalous dimension and the three-loop result for
the gluon cusp anomalous dimension are known. The two-loop soft function was partially
known without the jet-algorithm effects. We have calculated these jet clustering effects
and the 2-loop soft anomalous dimension for both 7;%,et and Téet in this chapter. The
anomalous dimension for the beam function can be determined from the soft function using
RG consistency. The O(a?) matching kernels for the gluon beam functions were calculated
in [84] for inclusive beam thrust which can be used to obtain the beam functions for Téet.
However the full O(a?) result for the ’7%“ beam functions requires the clustering corrections
and the 2-loop constants. We have computed these corrections for diagrams contributing
to CaT'yny color structure in this chapter. The only remaining input requires extending
this general setup and implementing it for the other color structure which is left for future
work. With all these inputs and extracting the NNLO nonsingular contributions, we can
obtain the numerical results for the full NNLL'+ NNLO resummed H+0-jet cross section
with a veto ’7?“ < Teu,






Chapter 6

Conclusions

In this thesis, we have studied perturbative uncertainties in the fixed-order predictions
of exclusive jet cross sections relevant for Higgs measurements at the LHC and obtained
resummed cross section predictions for new types of rapidity-dependent jet veto observables
in the framework of Soft Collinear Effective theory (SCET). In particular, we studied and
generalised the techniques to estimate theoretical uncertainties induced due to non-trivial
jet binning and jet veto cuts and applied them to estimate the perturbative uncertainties
in the NLO predictions for pp — H+ 2 jets cross section via gluon gluon fusion (ggF),
implementing the vector boson fusion (VBF) selection cuts used by ATLAS and CMS.
We introduced and discussed a new class of jet veto observables for which the transverse
momentum of a jet is weighted by a smooth function of the jet rapidity and provided
resummed predictions for the H40-jet cross section at NLL'+ NLO order. To extend these
predictions to NNLL'+NNLO, we also computed the corrections due to jet clustering effects
in the soft functions and partly in the beam functions at O(a2). More details of the work

presented in this thesis is summarised in the following.

NLO Uncertainties in H+2-jets

Jets are relevant in multiple contexts in the Higgs measurements at the LHC. Separating
data into “jet bins” and measuring cross sections with a specific number of jets in the final
state, is useful to enhance the Higgs signal from backgrounds. Cuts on the kinematics of
jets help in discriminating between the different Higgs production mechanisms in particular
between VBF, which is accompanied by two forward jets, from ggF. With the typical ex-
perimental selection cuts used by ATLAS and CMS, the VBF sample is contaminated by a
25% fraction from H-+2-jet production via ggF, which has large perturbative uncertainties.
In the first part of this thesis, we performed a detailed study of these uncertainties. We
gave a general discussion of jet binning uncertainties, reviewing and extending the so-called

ST procedure of estimating fixed-order uncertainties in exclusive jet cross sections. A jet
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binning (veto) cut introduces Sudakov logarithms in the cross section and it is important
to take into account the possible sizable effects of the higher-order logarithms in the cross
section predictions. Such a jet binning cut divides the total inclusive cross section (o>)
into an exclusive 0-jet cross section (op) and an inclusive 1-jet cross section (0>1). The
uncertainties induced by such a binning can be parametrized in terms of fully correlated
and fully anti-correlated components of a covariance matrix. The correlated component
corresponds to the overall yield uncertainty for all bins and the anti-correlated component
is the migration uncertainty introduced by the binning cut which drops out in the sum
over the bins (o¢ + 0>1). Using this method, we estimated the perturbative uncertainties
in the exclusive cross section for H+2 jets via ggF', by implementing the VBF selection cuts
used by ATLAS and CMS in their H — 7 analyses. Our method can be applied to all
decay channels which use similar VBF selection criteria. We used MCFM to compute the
NLO H+2-jets cross section as a function of two kinematic variables prp;; and A¢py_;;.
We observed that the uncertainties in the exclusive 2-jet cross section for pCT“I?Ij ;<30 GeV
are about 44% and 49% for ATLAS and CMS tight which is substantially larger than
the 21% uncertainty in the inclusive cross section. Similarly for A¢p_j; > 2.6, we see a
moderate increase in uncertainty to 26% for ATLAS and CMS tight. As an illustration to
the application of our procedure for more complicated cut-based or multivariate analyses
(MVA), we also considered a combination of cuts on both A¢y_j; and pryj;, and found
that the uncertainties can get larger than 50%. These uncertainties should be carefully
taken into account in the theoretical predictions of cross section as well as in experiments

which impose indirect restrictions or jet veto cuts on additional emissions.

In order to estimate the uncertainties in separating the ggF-VBF cross sections, we also
studied the uncertainties in the ggF cross section measured relative to the expected VBF
cross section i.e. AaggF /oY BE. We found that the relative uncertainty coming from the
ggF contribution quickly increases below prpj;; < 30GeV and m — A¢p_j; < 0.4, which
means that tighter selection cuts are not always beneficial as the reduction in the ggF
contamination can be easily overwhelmed by the increasing perturbative uncertainties.
Together with the ATLAS experimentalists, we also applied our method to construct a
covariance matrix for estimating uncertainties in cross sections with arbitrary number of
selection cuts. We compared the uncertainties in the exclusive pp — H + 2-jet cross section
via ggF from MCFM, with the uncertainties obtained by applying our covariance matrix to
the H+0-jet cross section prediction from POWHEG+PYTHIAS as a function of m — A ‘;}lf] j
and found good agreement. We devised a method to propagate the uncertainties into a
multivariate selection and found that harder cuts on the MVA classifier impose tighter

constraints on the A¢p_;; phase space leading to increased theoretical uncertainties.

Rapidity dependent jet vetoes

Jet selection cuts and jet vetoes typically lead to Sudakov logarithms and larger uncer-
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tainties in the fixed-order cross section predictions. In the first part of the thesis, we
studied a method to explicitly take into account these logarithmic corrections in the fixed-
order uncertainty estimates. However, as the vetoes get tighter, these logarithms become
larger and dominate the perturbative series eventually leading to the breakdown of the
fixed-order predictions, in which case a systematic resummation of these logarithms is nec-
essary. In the second part of this thesis, we considered the resummation of the H-+0-jet
cross section with a veto on a new class of rapidity-dependent observables using SCET.
We introduced two types of jet-based observables, Tg’t and Tjet, for which the transverse
momentum of a jet is weighted by a smooth function of the jet rapidity, the weighting
function being different for each. Each of the two T and To-type observables were further
classified into two observables, depending on the frame they were defined in, as 7(p,c)cm
defined in the hadronic center-of-mass frame i.e. lab frame and 7p ¢ as the one defined
in a frame boosted with respect to the lab frame. These observables are useful both from
experimental and theoretical point of view. With a jet veto observable like pjj‘ft commonly
used in current experiments, the jets can be reconstructed down to some minimum pr,
which ristricts how low one can go in the veto cut. Furthermore, low pr jets are hard to
identify at forward rapidities in harsh pile-up conditions. A better and cleaner way is to
use rapidity dependent jet vetoes for which the rapidity weighting function can be chosen
such that the veto gets tighter at central rapidities and looser at forward rapidities. Such
jet vetoes are theoretically well motivated as they can also provide complementary ways

to divide the phase space into exclusive jet bins.

The full H+0-jet cross section with a veto Tp.c < T consist of two components, the
resummed logarithmic contribution which is dominant at small values of 7% and the
nonsingular corrections which are suppressed by O(7°" /my) and become important at
large 7" to obtain the full inclusive cross section. We computed the pp — HX cross sec-
tion differential in the 7g pem and Tc,cem observables at NLO and used NLO subtraction
method where we used the singular cross section as the “subtraction term” to cancel the
divergences in the full NLO predictions and obtain the finite non singular corrections. We
studied the factorization of the H+0-jet cross section into hard, beam and soft functions
for Tp,c-type observables in the framework of SCET and obtained resummed predictions
for the H+0-jet cross section at full NLL/4+NLO. To evaluate the uncertainties in our re-
summed predictions, we considered the covariance matrix as before and associated the
resummation uncertainty with the migration uncertainty and the fixed-order uncertainty
with the overall yield uncertainty. We obtained the fixed-order uncertainties by collectively
varying the fixed-order scale by a factor of two, keeping the scale ratios in the logarithms
fixed. For the resummation uncertainty, we vary the profile scales for the beam and soft
functions in order to estimate the size of higher-order corrections in the logarithmic series.
The resummation uncertainty corresponds to the intrinsic uncertainty in the resummed

logarithmic series caused by the jet veto cut and vanishes at large 7" where the resum-
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mation of logarithms become unimportant. The resummation uncertainty together with
the fixed-order uncertainty then determines the total uncertainty in the resummed H-+0-
jet cross section. At NLL'4+NLO, we find an uncertainty of about 20% at 7 ~ 25 GeV
which is comparable to pjj'ft at the same order, but we expect reduced uncertainties going
to NNLL/4+ NNLO. We also compared our NLL’+NLO numerical results in bins of T(J;Yet
with the recent ATLAS measurements in the H — ~-y channel and found good agreement.

Clustering corrections

At O(a?), for the jet-based observables we considered, there are corrections arising due
to the clustering of two soft or collinear particles into a single jet or due to the mixing
between the soft and collinear sectors. The soft-collinear mixing gives rise to corrections
of O(R?) in the cross section and for large values of the jet radius (R ~ 1), these become
O(1) contributions which inhibit the soft-collinear factorization. The standard jet radii
used in the Higgs analyses are R = 0.4 for ATLAS and R = 0.5 for CMS. With these
values the soft-collinear mixing contributions are power suppressed while the corrections
arising due to the clustering of two soft or collinear particles that introduce terms of the
form oY logV ! R, are numerically important. In the last part of this thesis, we computed
these clustering corrections in the soft function and partly (only for the CxTyny color
structure) in the beam functions at O(a?). Our calculation of the clustering corrections
in the soft function for Tget and Tjet, resulted in the same anomalous dimensions for the
two, as expected (the beam functions being the same for Téet and 7get), but different
non-logarithmic constants. The bare corrections due to clustering are UV-divergent and
we checked for one color structure (CaTyny) that this divergence cancels between the
soft and the beam functions. The calculation for the remaining color structures in the
beam function is left for the future. With these clustering corrections, we can compute
the O(a?) beam and soft functions for T]%et and Téet and can extend the resummation
to NNLL’ order. Including the NNLO nonsingular contribution, we can obtain the full
NNLL'+NNLO resummed result for H+0-jet cross section with Tz c-type jet vetoes.

The Run 2 of the LHC is the beginning of the precision phase where precise predictions
of fixed-order cross sections which take into account the effects of jet binning and jet veto
cuts and resummed predictions for different jet veto observables and processes is of prime
importance. Our work aimed at providing methods to estimate uncertainties in the fixed-
order cross section predictions and obtaining resummed predictions for new class of jet
veto observables using SCET. These methods of estimating uncertainties have been used
in the ATLAS VBF analyses for different channels and in the theory predictions of cross
sections. The new class of rapidity dependent observables can prove to be good central jet
vetoes, and we propose that they should be measured and tested against theory predictions

in other SM processes such as Drell-Yan, diphoton and weak diboson production.



Appendix A

Hard, beam and soft functions

A.1 Hard Function

The hard function is defined as

Hgg(mtaQQaM) = |ngH(mtvq27:u)‘2v (Al)

where Cyqp is the Wilson coefficient from matching the full ggH form factor in the SM
onto the ggH current in SCET. For on-shell Higgs production it is evaluated at ¢ = m%l.
At one loop,

CwHOﬂ“qau):CMODFMD<;Z%){1+_aif)%ﬂn(_ngiq>+zﬂn(4¢;>]}>

where the coefficients C) and F®) up to i = 2 can be found in [23]. For our NLL/

resummed predictions we need the NLO coefficient

2

W (p) = e+ =
cD () CA< I’z + 7 ) (A.3)
and we used
3 3 1
O = 2 — 2|1 — 2 aresin?
F%(z) 5 22"1 . ‘ arcsin®(y/z), (A4)
FW(2) =5C4 — 3Cr +0(2), (A.5)

where the terms neglected in Eq. (A.5) have a numerically very small effect as m?, < 4m3.
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A.2 Beam function

We expand the beam function matching coefficients in Eq. (4.108) as

cu > Qs " (n cu
Ty, 2 R = 30 [ %) 20, 2 R ) (4.6)

n=0

At tree level we have
0 u
IO 2, Ry ) = 65 (1 — 2). (A7)

We can obtain the one-loop matching coefficients for the gluon beam function by integrating

the beam thrust matching coefficients Zy;(t, z, 1) in [23] over ¢ from 0 to ¢“**. The results

read
Tt 2, R, p) = 2Ca0(2) [1n2 t:: 5(1 — 2) 4+ Pyy(2)In uu; - Igg(z)} (A.8)
and
IOt 2, R, ) = 2CF0(2) | Pyg () In t;: + Ig(2) (A.9)
where

2(1 —z+2%)2 7?2

Iyg(2) = L1(1 —2) ~ - Fé(l —2) — Pyy(2)Inz, (A.10)
Lpa(2) = Pog(2)In 2= 4 9(1 = 2)z. (A.11)
The LO gluon splitting functions are defined as
1— 2+ 22)?
Pyg(2) —250(1_2)( o ) )
14 (1—z)?
Pylz) =601 -2 -2 (A12)
and
_[0(@x)In" x| d In"* g
Ly(x) = { . }+—lg%dx[9(x— ) ] (A.13)

denotes the usual plus distributions.



A.3. Soft functions 133

A.3 Soft functions

A.3.1 Soft function for 7ge(tcm

The soft function for TJ B(em) AN be obtained by integrating the beam thrust soft function

Sgg(k, ) in [23] over 0 < k < T, Through NLO this yields

B cut _ aS(M)CA - 2 7'Cllt ﬂj
Spa(T ) = 1+ =222 ( 2’ ~ +12>. (A.14)

A.3.2 Soft function for Té?im

In this appendix we calculate the soft function Sg’; at one loop. The bare one-loop soft
function for a generic (differential) measurement function M(7) and two (incoming) gluons

is given by [96]

bare(1) _ 2 e’YE:u’2 E/ ddp + —\—1 2 + -
Sy (T) = 4Cag*(“p= ) [ Gaya @ 7)™ % 20007)000) MIT 7 57) - (A1)

where p is the momentum of the emitted soft gluon.

At one loop the soft measurement function for ’TCth according to Eq. (4.9) reads

(TJet’ ) = 5(7~Cj’et _|prl ) _ 6<7~Cj’et _ pP+p— ) . (A.16)

eV +e Y

Inserting this in Eq. (A.15) and simplifying we get

2\e + — +o—
bare(1) ety _ QsCa (€7747) / 4, _0(pT)o(p) et PP
Sere N (TE") = = Taog dp*dp Y ><5<7'C p7+—|-p*>' (A.17)

Integration over p* and p~ yields

asCa (€72 p?) T(e)?
I'(1—e¢) I'(2¢)

Sggre(l)(Téet) _ (Tjet) 1-2¢ (A.18)
Expanding (TJet) 1=2¢ in terms of plus distributions and subtracting the 1/e divergence,

the MS renormalized one-loop piece of the differential soft function reads

ety _ @sCa TEN |
ST )_[—51( p )*TS

- p (T )] : (A.19)

As expected, replacing C4 — Cp, this result agrees with the one-loop soft function for the
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C-parameter event shape in eTe™ — ¢ [76]. For the Tget—veto we integrate over 'Téet and

find

2

C (qcut N _ as(1)Ca _ o T ™
Sep(T™p) = 1+ =222 (2111 . +4), (A.20)

where we also added the trivial tree-level contribution.

This result only differs from the one in Eq. (A.14) for Tgt in the 7°"-independent constant,
while the logarithmic term is dictated by the RG structure and is the same for all four

observables we consider.



Appendix B

NLO H-+0-jet crosss section

B.1 H-{0-jet cross section differential in '7733et

The measurement function for Téet is
1= / dTa[6(Te — ¥ pN)8(e ™ p~ — X pM) +0(Te —e Yp )0 pT —eYp7)]. (B.1)
Inserting the measurement function for Téet in Eq. (4.32) we have
i = o | (a2 e (2 o (2w )
2
Y

+ —_
(5(551,9@1 — piEf - Zg{) [ (Tg — e +)0(e‘ p—e pH)+6(Ts—e¥p)

(¥ pt — e—Yp—)}a(eQY . @)d:ﬁad@bdpwp— . (B.2)
Tp
Changing variables to
sty - Y Y = -y

pr=pTe’ p =p e Toq = Tae' Tp = xpe ", (B.3)

the differential cross section becomes

i~ ) S () e - (2 e

6(1:bxa - 7551 - %1)9(13_ - TB)dﬁ_ (ZLCZI)f <$be Y)fb(xiy> |Ag§i|2
(2 == 2 )o(22 0= F )i (s = T = Yo (5~ )]
(5(62Y — eQYi—Z)dxadxbdeQY . (B.4)
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Doing the p~ (p* for the other branch) and the z(z,) integrals using the delta function

we have
do 1 dz mZy + T)e Y\ ~— Tepy — m>2
- e B o - T - 2
dTs  167E2, Za Eem Eam  Eén
2 x
9(77 )71) b — pt }6(1——a)d day2dY B.5
po —TB EchrTBﬂfaH Po — Do} 2, ) ady (B.5)
where
_ xaEcm(l - Za) + becm(l - Z{;) / Eemxy
= fetemls T ) opb o Thoem TR o _em®h B.6
Po Za Po 2 b Bon + T (B.6)

Now performing one of the x integrals using the delta functions we get

o7, ~ e, | S ()R - P - )
g(w

Za

- TB) +{ao b}} wdzdY . (B.7)

Performing the z integral using the delta functions we get

do ace Eemx +Tg)e Y\ [Ma|?  /2(1 — 2.)Eem
fo( ) o( ~Ts)
E2 !
cm”a &b }d , B.8
22E2, — TpxEom — Mm% +{a bde (B.8)
where
Ecm
o = sz . (B.9)

“ —m% + E2,2% + EcnTpa

As for the case of Tpem the x integral can be performed numerically over the PDFs to get

the final cross section differential in Y and 7p.

B.2 Differential cross section for 7get

The measurement function for Téet is given by

PP
_/ch5(Tc W) (B.10)



B.2. Differential cross section for Téet 137

Inserting the measurement function in Eq. (4.32),
d*o 1 dzg dzy . /24 T pT
[ () (2) My 2
dZq,dzydpTdp 167EZ Za 2b Za zy/ B2 2p Eem
~ — 4, — 2
x - p ~ o~ p'p m p'p
L ey
Zaq Ta Ecm ot Egm ECQHI TC p+6y+p_ Y
(B.11)

5<e2y — Z) dTode® .

~ integrals using the delta functions we

Rescaling p~ to p~e?¥ and doing the Z,, p* and p

get
2

dg | /dz“dzbf (xbe )fb<xb)|Mab‘ (x €2Y_pgp562y_ mH)
dTc  167E2, | za 2 2/ E2%, b EZ, Eg,

PoPo €™ N 2
5(7'(; - —_)E Tpdiyde®y (B.12)
pge¥ +pye¥
where,
- - - 1-— Zp 1—z
Lag = -’Eb62y > p(J)r = xb( )Ecm ) po = b< a)Ecm . (B13)
Zp Za

Defining &, = e~ Y x, the differential cross section becomes

—1+za+zb> B m%)

do 2 dza dzy , (apeY Tpe YN o/ o
_— = [ — M |70
dTc 167TE62m/ Za 2 ol ( )fb( 2 )| o (mb( ZaZb E2,
6<Ecmmb(—1 +2)(—1+ za) + To(—2zp + zo(—1 + 2Zb)):cbdxde . (B.14)
—2p + 2a(—1 + 22)

Performing the z; integral using the delta function we get

ZaZb

do 1 dz, dzp xbe rpe” N — o

— = [ 22 M| —222

dTc 167TEc2m/ Za Zb / < )fb( )| 2 |—1+za+zb
Eenmz, (-1 —1+4 2z — a(—1+2

—2p + 2a(—1 + 22)

where z; = mH/Ecm\/zazb/(—l + zq + 2p). To simplify the z, integral, we transform the
variables z,, 2 as 2, = 1/(1 4 z1) and 2, = 1/(1 + 22) which results in

do 1 / dz1 dzo 1 (erH(1+21) 1/(172122)>
dTedY 167E2, | 1+ 211+ 29 |1 — 2129|" Eem

1/(1— 2122))5<76(Z1 +22) —mpazy 1—21122> .

P (erH(l + 2)
b Ecn 21+ 22
(B.16)

where one of the z; or 2o integrals is performed using the delta function, and the other one

is used to integrate over the PDFs numerically.
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Ccm
B.3 Differential cross section for 72%;1
The measurement function of Toem 1S
+ —
p'p
1= [ a7 m5<7’ m_7>_ B.17
/ Cc Cc p+ T ( )
Inserting the measurement function in Eq. (4.32)
d4o %%f >fb($b) | M g2 5(7 . pt )
dZ o dZydpTdp~ 167TE2 “ 2/ B2, ‘2z Eem
2 o
Tq ~ p ~ p 28 My b'p
§(%a ——5( - - )5( —7)d .
( e La Ecm) TpLq Egm ECZm Tcem b+ Tcem
(B.18)
Rescaling pt = pte ™, p~ =p €Y, & = zpeY and T, = zqe”
do 1 JET (2 g () Ml g, P
dxodrydptdp—  167E2, 2o 2 "0\ 2z, b 2 EZ2, 2 b Een
- S 2 S
Tq p b'Dp My D
o L T 5 )
(Za Tq Ecm) TpTq Egm E2 TCCm p+€_Y +p_ey
5<€2Y - eQYi—:)chcmdeQY . (B.19)
Doing the z,, p~ and p* integrals we get
do __1 /dzad%f (xbey>fb<wbe‘y> \MabIQ(S(xQ BBy m%)
dTcem 167['E52m Za 2b ECQm ’ Ec2m Egm
Do Po
5(7 - —)m dzy2dY | B.20
Cc ﬁa_e_y +]36€Y blp ( )
where
2V ~+ 1 - Zb — 1 — Za
To = Tp7 , Dy = :Ub< )Ecm . Doy = xb(7>E0m. (B.21)
a
Now performing the x; integral we get
do _ 1 /dzadzbf <erH\/zazb/(—1+za+zb))f (6_YmH\/zazb/(—1+za+zb))
ATcemdY  167E2. | 24 2 °° EemZa b Eem2y
5<chm+erH(—1+za)(—1+zb)\/zazb/(—1+za+zb))| ZaZb |
e2Y 2y + 2o (=1 + 25 + €2Y 23) 1 +zo+2
(B.22)

The z, and z;, integral can be performed as in the ’TJet case shown before.
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