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Abstract
Effective Field Theory Techniques for Resummation in Jet Physics
by
Nicholas Daniel Dunn
Doctor of Philosophy in Physics
University of California, Berkeley
Christian W. Bauer, Co-Chair

Professor Lawrence J. Hall, Co-Chair

In this thesis, we present several new techniques for the resummation of observables
relevant to jet physics at the LHC using effective field theory techniques. Specifically,
we first derive the factorization theorem and calculate the generic soft function for
N-jet threshold resummation. This allows for dynamic threshold resummation at
hadron colliders, where parton distribution functions may enhance threshold effects.
Then we develop a new metric to gauge the importance of threshold resummation in a
process-independent manner. This also allows us to determine the relevant scales for
threshold resummation without the introduction of an arbitrary procedure. Next, we
present a new subtraction technique for the calculation of soft functions with complex
phase space boundaries. This technique is especially useful in calculations involving
n — ¢ jet algorithms, which are common at hadron colliders. Finally, we discuss a
new regularization scheme for real emission diagrams and present an example of said
scheme.



Chapter 1

Introduction

The goal of particle physics is to discover the fundamental particles of nature
and accurately predict their interactions. In this endeavor, the Standard Model
(103, 116, 74, 76, 99] has been phenomenally (and phenomenologically) successful.
Experiments place strong limits on the possibility of substructure for the (current)
list of fundamental particles, suggesting they may actually be nature’s smallest build-
ing blocks. Similarly, every experiment to date is consistent with the SU(3).xSU(2)px
U(1)y gauge theory of particle interactions. Hundreds of precision measurements from
several experiments around the globe done over dozens of years all confirm (or at the
very least, do not disprove) that the Standard Model is indeed the correct theory of
particle physics at currently accessible energies. For more details on current measure-
ments constraining deviations from the Standard Model, see [98] and the references
therein.

In spite of all this, we have very compelling reasons to believe that the Standard
Model is not the whole story. It depends on the existence of at least one particle (the
Higgs boson) that has not yet been observed (though this may change in the very near
future). It does not provide an explanation for either dark matter or dark energy,
both of which are experimental certainties at this juncture (see [102] for a review on
dark matter and dark energy). There are also more aesthetic concerns. The so-called
hierarchy problem [117], which stems from a desire for theoretical niceness rather
than consistency with experimental evidence, drives much of our current research,
both theoretically and experimentally.

Without any new physics, the Standard Model provides a consistent theory of par-
ticles an their interactions up to a scale of O(10'®) GeV. However, as it stands this
consistency is predicated upon cancellations between (potentially) unrelated quanti-
ties of 1 part per O(10%?). New physics at the TeV scale could eliminate (or at the
very least greatly reduce) this "unnatural” cancellation. New physics at the GeV
scale would also work, but this has been experimentally excluded. Along with dis-
covering the Standard Model’s missing ingredient, experimentalist at the LHC hope
to find new TeV-scale physics to solve the hierarchy problem.



The search for new physics at the LHC is complicated by the fact that other
experiments have yet to find any evidence of discrepancy with the Standard Model
(cosmological experiments providing evidence for dark matter and dark energy ex-
cepted). New physics events, if they are produced at all at the LHC, will be extremely
rare. This leads us to two facts which have guided this research: First, that any new
physics at the LHC will most likely be discovered in conjunction with one or more
particles that are charged under SU(3).. Due to the nature of the experiment (proton-
on-proton collisions), final states with strongly-interacting particles are produced at
a much higher rate than color-neutral final states. This enhancement in production
will almost certainly be necessary in order to distinguish new physics from Standard
Model background. Second, that we need predictions that are both accurate and
precise, in order to be sure we are seeing new physics, rather than simply misunder-
standing the Standard Model.

1.1 Quantum Chromodynamics

Quantum Chromodynamics (QCD) is the theory of strongly-interacting or colored
(hence the name) particles. It is an unbroken SU(3) Yang-Mills gauge theory with two
major defining features: asymptotic freedom and confinement. Asymptotic freedom
is the property that, at high energies, the theory tends towards non-interaction. The
flip side of this, confinement, is the observation that at large distances (and therefore
low energies) there are no particles charged under QCD. The is consistent with exper-
imental evidence that the particles directly observed in detectors, protons, neutrons,
pions, and kaons, are color-neutral, despite being composed of strongly-interacting
quarks and gluons.

In terms of predictions for experiments such as the LHC, QCD presents a unique
challenge. Calculations in 4D quantum field theory are generally done using pertur-
bation theory. The theory is solved exactly in the limit of no interactions, and then
perturbed around this limit. In the case of QCD, this is clearly useful in the high
energy regime, where the coupling constant (the common measure of the strength
of the interaction) is small, due to asymptotic freedom. However, in any real exper-
iment, any strongly-interacting particles produced at high energies eventually must
confine into color-neutral objects. As this process occurs, the theory enters the regime
in which naive perturbation theory is no longer reliable. The goal of much current
research in QCD is to provide a way of calculating observables relevant to current
experiments that avoid this issue.

1.2 Jet Observables

An observable is some quantity calculated from information about the final state.
A simple example is the number of electrons. This is theoretically easy to calculate,



since the emission of electrons in the Standard Model is perturbative (ignoring the
contribution from decays). It’s also fairly easy to measure (assuming any issues
involving conversion of photons into electrons and vice-versa can be experimentally
disentangled).

In QCD, an analogous observable, the number of pions, is much less straight-
forward. While it is still relatively easy to measure, it is effectively impossible to
calculate. The hadronization of quarks and gluons into color-neutral hadrons in-
volves the details of low energy QCD, where standard perturbative methods do not
work. The question then becomes, what can we calculate?

To avoid the complications of confinement, we want to calculate observables that
are completely (or mostly) determined by high energy dynamics, where the coupling
constant of QCD is small. The most common way of doing this is to group final state
hadrons into jets, usually with a jet algorithm. The goal of this is that the resulting
jets will roughly correspond to the high energy partons (quarks and gluons) initially
produced in the collision, such that corrections from the low energy evolution from
partons into hadrons are small.

Once hadrons have been grouped into jets, one can calculate observables based on
the jets, rather than their constituent hadrons. Building on our earlier example, the
number of jets in the final state is both theoretically tractable (assuming a reasonable
jet algorithm is used) and experimentally feasible.

Jet observables, however, come with their own set of issues. Take for example jet
thrust, defined as

1
Toz—znjet'pi~ (1-1)

jet

Here the sum is over all particles in the jet and nj = (1,nje), where nj is the
direction of the jet. Since the naive emission probability of a parton radiating energy
goes like

1
Pemission p) X 5 1.2
( ) Nparton * P ( )
there is a divergence in the perturbative cross section of the form
do = In*" iy
— ~ 042—0 . (1.3)
dTO 1 T0

As 19 — 0, there is a region where agIn?7 is O(1) and the perturbative expansion
breaks down. This breakdown, along with naive divergence of the cross section,
presents a problem for calculating this (and other) jet observables.



1.3 Resummation and the Effective Field Theory
Approach

The solution to this problem is resummation. By re-expressing the cross section as
an expansion in a different variable (in this case agIn 79), we can restore perturbativity
and perform a meaningful calculation. While there are several different techniques
for resummation in QCD (see [111] for a review of QCD resummation methods), in
this thesis we will focus on effective field theory methods. Specifically, we will work
in the framework of soft-collinear effective theory (SCET) [23, 25, 31, 30].

Using the definition of nje above, we can decompose a generic four-vector p into
components given by

oy i
b= njet'pJTet + njet'pJT’st +pL
= (Rjet D, Njes P, P1) = (P, 0", p1) (1.4)

Here, njet = (1, —nje;) and p, is defined implicitly. In these coordinates, collinear
momenta scale like

pe~ (1L,A% M), (1.5)
while soft momenta have scaling given by
ps ~ (A2 02 0%), (1.6)

where \? is taken to be some small number. In the example above, if we assume jet
thrust to be small (say, O(\?)), then at leading order in 7, these are the only allowed
on-shell modes. SCET is approximation to QCD in the limit only soft and collinear
modes are present, with A\ as the relevant expansion parameter.

In order to make this expansion more formal, we first divide momenta p into two
components

p=p+tk, (1.7)

where p contains the O(1) and O(\) parts of p, while the residual momentum & is
strictly O(A\?). We then divide the quark field ¢ (z) into collinear piece, 1, (x) and a
soft piece, ¥s(x) such that

U(x) = () + (). (1.8)

We further redefine the collinear quark field

() = Z e P . (1.9)



The new field 9, , only contains residual momentum, such that derivatives 0" acting
on ¥,, are O(N\?). We can also separate the four-component spinor v, , into two
two-component using projection operators defined as

1:¢—ﬂ+ﬁ:Pn+Pﬁ. (1.10)
4 4
The relevant two component spinors are then

gn,p = nwn,p (111)
ap = Pathnp (1.12)

Writing the collinear quark Lagrangian in terms of these spinors gives

Le= e (in-D oy n-D) & 1.1
§ = Z Enpr 9 (in- )gn,p + &Sap 9 (-p + in- )gn,p (1.13)
p.p’

+ &y (L +iD1) Enp + Eapr (P + 1)) fn,p] :

Because derivatives acting on &, , and &, are suppressed in A relative to label mo-
menta, we can drop the derivatives from the second, third, and fourth terms, leaving.

Le= Z [EH,P/g (in-D)&np + En,p’g (n-p) Eap (1.14)
p.p

+ gn,p’ (}61-) gﬁ,p + gﬁ,p/ (}61-) fn,p] :

Clearly, at leading order in A, &, is not a dynamical field and can be integrated out.
Applying the equation of motion

(19 + i0-D) €y = (b1 +i11) Sy (1.15)

leaves

/Cf — Z e_i(ﬁ_ﬁ)‘xgn,p’ {mD + (ISJ_ + ZDJ_)

pp

. n
W@L“DL) Fénp- (1.16)

At this point, it is useful to define an operator P, such that

,Pén,p = ﬁfn,p . (117)
We will also divide the gluon field A(z) into soft and collinear components, such that

A(z) = Ap(z) + Ay(z). (1.18)



Using these definitions gives

Le=¢, (m.D +il), ml-DiDQ %gn, (1.19)

where we have absorbed P into D, used the equality

i0) e, =TT (P +id) &, (1.20)
p

and omitted the phase factor e=?7**. Note that, at leading order in ),
D =nP+gn-A,. (1.21)
If we now define the collinear Wilson line W,, as
1
W, = —g—=n-A, |, 1.22
pﬂm%tions o < gﬁpn ) ( )

we can further simply the collinear quark Lagrangian to

i

Le, (1.23)

- (. : 1 .
ﬁg = fn (ZTLD + ZDLWJmWnZQL)

A similar expansion can be done for the gluon Lagrangian. Since the derivation
is identical, here we will just quote the result. Defining

iD:P—i-gAn—l—g(in@—i-gn-As) (1.24)

and noting that, at leading order in A, «D = iD, we find that the collinear gluon
Lagrangian is given by

La :2L92Tr ([iD,iD])* + r Tr {([P + g (in-0 + gn-A) ,An])Q} (1.25)

FOTr ((_:n HP + g (in-0 + gn-Ay), [iD,cn]D .
All together, at leading order in A\, the SCET Lagrangian can be written as
LscpT = ﬁg + Ly, + E?QOSD = LQCD + O()\) . (1.26)

Here Eg’gD is the full QCD Lagrangian, but only containing soft quark and gluon
fields.

It is important to note that in both L, and L4,, the soft gluon field Ay only
appears in terms that go like n-A,. If we define the soft Wilson line Y as

Y(z) = Pexp (ig / ' dsn-Ag(ns)Ta) (1.27)

—00



we can make the field redefinitons

bnp =Y ED) (1.28)
Ay =Y AP YT (1.29)
Cmp = YCS::;)) YT ) (130)

and completely remove all interactions between soft and collinear modes at leading
order. This is a defining feature of SCET.

By separating the various energy scales (@ for hard radiation, QX for collinear
radiation, and QA? for soft radiation), the effective theory allows us to simplify the
calculation by working with the only the degrees of freedom relevant at each scale. Re-
summation then naturally arises as a consequence of renormalization group evolution
between the various scales.

This thesis is organized as follows. In Chapter 2, we will explore threshold re-
summation, which is necessary in situations where the mass of a produced particle
is near the limit allowed by the experiment. We will derive the form of the general
threshold soft function in SCET, which is applicable not only in traditional threshold
situations (hadronic threshold), but also when some other factor is forcing additional
radiation to be suppressed (partonic threshold). In Chapter 3, we develop a useful
metric to determine when dynamic threshold resummation is necessary in the case of
proton-(anti-)proton collisions. This metric depends only on the form of the parton
distribution functions (pdfs) and the mass of the produced object and is independent
of the dynamics of the interaction. In Chapter 4, we present a method that allows
us to calculate the soft function for a wide range of jet observables and algorithms.
This extends previous work, which was restricted to a small class of jet algorithms.
In Chapter 5, we discuss some calculational techniques for observables that are not
symmetric about the jet access. Finally, in Chapter 6 we conclude. Note that some
of this work has been presented previously in [19, 20, 21].



Chapter 2

The Soft Function for Threshold
Resummation

2.1 Introduction

Explicit applications of factorization theorems for processes at hadron colliders
near the hadronic endpoint have largely focused on simple final states with either no
jets (e.g., Drell-Yan) or one inclusive jet (e.g., deep inelastic scattering and prompt
photon production). Factorization for the former type of process gives rise to a soft
function that depends on timelike momenta, whereas the soft function for the latter
type depends on null momenta. Here, we derive in soft-collinear effective theory a
factorization theorem that allows for an arbitrary number of jets, where the jets are
defined with respect to a jet algorithm, together with any number of non-strongly
interacting particles. We find that the soft function in general depends on the null
components of the soft momenta inside the jets and on a timelike component of the
soft momentum outside of all jets. This generalizes and interpolates between the soft
functions for the cases of no jets and one inclusive jet. We verify consistency of our
factorization theorem to O(ay) for any number of jets. While we demonstrate con-
sistency only near the hadronic endpoint, we keep the kinematics general enough (in
particular allowing for nonzero boost) to allow for an extension to partonic threshold
resummation away from the hadronic endpoint.

Factorization of cross sections is the basis of every theoretical prediction at hadron
colliders. In its simplest form, factorization states the measured hadronic cross section
o can be obtained by convolving a perturbatively calculable cross section ¢ with
nonperturbative parton distribution functions (pdfs) [60, 56],

c=fRf®0. (2.1)

The pdfs are universal, and can therefore be extracted from one process and used to
make predictions in another. Moreover, & will in general depend on a hard scale @)



(for example, the partonic center-of-mass energy \/E), while the pdfs depend on the
scale at which they are measured, say ()g. The evolution of the pdfs between these
two scales resums logarithms of Q/Qg. This basic paradigm illustrates the two main
uses of factorization: separation of universal, nonperturbative contributions to a cross
section from perturbatively calculable contributions, and resummation of logarithms
of ratios of scales to which each contribution is sensitive.

When & depends only on a single scale, Equation (2.1) is the end of the story.
The situation is more involved when & itself depends on multiple, widely disparate
scales. For example, in many collider physics processes involving jets, & can depend
on mass scales associated with the jets such as M, hard scales like v/3, and seesaw
scales like M?%/ V5. In such cases large logarithms of ratios of these scales can spoil
the convergence of the fixed order perturbative expansion of 6. One must further
factorize ¢ in order to resum these large logarithms and, perhaps, to separate out
any other nonperturbative physics that is not captured in the pdfs [57, 58, 87, 86].
The general structure of resummation, at the level of next-to-leading logarithms, has
been previously investigated in [42].

In this section we will focus on so-called threshold logarithms. When a process
approaches its kinematical threshold, there is limited phase space available for radia-
tion. This gives rise to an incomplete cancellation between real and virtual diagrams,
resulting in large logarithmic terms. This is common in situations where the invariant
mass of the final state is near the maximum available energy, which limits the amount
of energy that can go into excess radiation. Examples of this type of resummation
can be found for Drell-Yan, deep-inelastic scattering (DIS), B meson decay, and top
production [6, 110, 109, 48, 49, 61, 41, 69, 88, 91, 4, 40, 86, 94, 23, 95, 34, 53]. It
has been suggested [13, 51] that a similar effect occurs at hadron colliders away from
hadronic endpoint due to the steepness of parton luminosities, and this effect was
explored more quantitatively in [35]. In this section, we will concentrate on hadronic
threshold and assume that the invariant mass of the final state is near the maximum
allowed by the collider. However, we will derive a factorization theorem that can be
applied away from hadronic threshold without loss of information.

An extremely useful tool to prove factorization is effective field theory. In the case
of jet physics, soft-collinear effective theory [23, 25, 31, 30] is the relevant effective field
theory that can be used to derive factorization in many hard scattering processes [24].
The SCET Lagrangian is constructed by integrating out all modes of QCD except
for soft modes and collinear modes with respect to some fixed number of directions
n;. Matching QCD onto SCET gives rise to a hard function that contains the physics
of the hard scales in the problem, and matrix elements of the remaining soft and
collinear fields give rise to soft and jet functions, respectively.

The first applications of SCET involved cases with particularly simple jet defini-
tions, such as in Drell-Yan [82, 35] where there are no jets, hemisphere jets in event
shapes [29, 27, 92, 93, 70, 105, 71, 22, 36, 81, 80|, or completely inclusive jets as
in B — Xy [23], DIS [95, 34, 53], and prompt photon production [37]. Factoriza-
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tion of jets defined with more generic algorithms was considered in [26] and two-jet
rates defined with jet algorithms were computed using SCET in [27, 115, 54]. A
study of various different jet algorithms and the dependence on the jet parameters
in the framework of SCET was discussed in [54]. More recently, an NLL analysis
of jet shapes in multijet events using modern jet algorithms in eTe™ collisions was
performed in [65, 66].

The goal of this section is to derive a factorization formula for an arbitrary number
of jets in the presence of any number of non-strongly interacting particles in the
threshold limit. We allow for a nonzero total rapidity and calculate the ingredients of
this formula to allow resummation of threshold logarithms at NLL accuracy. This is
conceptually distinct from the case of a single final state jet, which can be measured
indirectly by simply demanding that a non-strongly interacting particle is produced
with nonzero pr. When there is more than one final state jet, jet algorithms must
be used to identify jets, and so the technology of incorporating jet algorithms into
a factorization formula, developed in [26] and applied to ete™ collisions in [66, 65],
must be employed. The consistency of this factorization (that is, the fact that the
cross section is independent of the factorization scale u) is only demonstrated here
in the true hadronic endpoint. However, we will show in Chapter 3 that, under the
correct conditions, this factorization is consistent away from hadronic threshold..

Throughout this thesis, we will assume that Glauber modes do not contribute at
leading order in the power counting. This cancellation has only been formally proven
at the level of cross sections for simple processes, e.g. [59]. While Glauber modes could
potentially spoil our factorization theorem, we assume that for sufficiently inclusive
observables the argument in [59] generalizes. We also assume that pdfs can always
be factorized from the partonic cross section, i.e. that

do do

dO—f®f®dO. (2.2)
is always valid. This has also not been proven to be generically true, but is phe-
nomenologically valid for a wide range of observables.

The organization of this section is as follows. In Section 2.2, we define precisely
what we mean by threshold production of N jets and discuss the corresponding kine-
matics. In Section 2.3, we discuss how the definition of threshold affects the logarith-
mic structure of the result and how, in particular, our definition should not introduce
so-called non-global logarithms. In Section 2.4, we briefly discuss different classes of
jet algorithms used at hadron colliders. We then derive our factorization theorem in
Section 2.5, beginning for notational simplicity with the case of a single (quark or
gluon) final state jet, then extending these results to the case of N jets. We derive the
anomalous dimensions for the objects that appear in our N-jet factorization formula
in Section 2.6 and use these in Section 2.7 to show that our factorization theorem is
formally consistent, at least in the hadronic endpoint region.
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2.2 Kinematics of Threshold Resummation

To explain our approach to threshold resummation, how it includes both the
cases of Drell-Yan and direct gauge boson production as limiting cases, and how
it is extendable to arbitrary N-jet production, we first discuss the kinematics. By
demanding that the final state contains NV jets each with fixed transverse momentum
pr and pseudorapidity 7, together with some number of non-strongly interacting
particles with total 4-momentum ¢, we are requiring that there is a minimum partonic

center-of-mass energy
N
N\ 2
t§min - <q + ZP?}) ; (23)

where p’; is the momentum of the ith jet. This momentum is defined in terms of the
pY and 7y of the jet as

ps = (pj coshny, py,pysinhny). (2.4)

Of course, the actual partonic center-of-mass energy s typically exceeds this minimum
value, and in general can be as large as the available machine center-of-mass energy
s. Therefore, the dimensionless variable z, defined as

§min
z = , 2.5
: (25)
can range from
T<z<1, with 7= Jmin (2.6)
s

Going to hadronic threshold (7 — 1) forces z — 1, such that the only emissions
kinematically allowed are collinear radiation off the hard partons that form jets, as
well as soft radiation. Radiation collinear to one of the jets with momentum scaling
as Eem(1, A% X) (in the light-cone coordinates of the jet) and soft radiation scaling as
Eem(N%, A% \%), each contribute an equal amount to 8, where A ~ /1 — 2z is a small,
dimensionless parameter. In this limit of restricted radiation, partonic momentum
conservation can be written as

N
pr=q+ki+Y pl. (2.7)

where py is the total initial-state (partonic) momentum, k; is the total soft momentum,
and p’ is the momentum carried by collinear fields in the direction of jet i. The
total momentum can be separated into two components: the first is the minimum
momentum needed to create N jets of fixed pr and 1 together with the non-strongly
interacting particles of total momentum ¢, while the second brings the invariant mass
of the final state above its minimum value $.,;,. To do this, we note that an arbitrary
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four-vector p can be written as the sum of a massless four-vector which characterizes
the transverse momentum and pseudorapidity of p and a purely timelike four-vector
with a magnitude equal to the 4-component of p in light-cone coordinates about
n = (1,p/|p|) (i.e., p© = p° — |p|), which characterizes the off-shellness of p. That is,
for any four-vector p, we can write

pr=p+ptot, (2.8)

where v* = (1,0) and p; is given in Equation (2.4) with pT and 7; the transverse
momentum and pseudorapidity of p, respectively. We want to apply this relation to
the total 4-momentum in each of the jets. To do this, we note that the jet algorithm
will group some of the soft momentum £k, into parts that belong to jet ¢, k;, and a
part that is not included in any of the jets, kout,

N
ks =D kit Kour (2.9)

Using this together with the relation Equation (2.8) and the fact that
(e + ki)t =0 + K — Ipe+ k| = pt + k& + O(XY), (2.10)

where on the right-hand side, k;" is plus with respect to p; and pi* is plus with respect
to pe, we can write momentum conservation Equation (2.7) at leading order in A as

N N
Pl = 0"+ R+ 0| Y (0F + k)] (2.11)

(2

Here, we have also used that out-of-jet collinear radiation is power suppressed [66].
Given these definitions, we can write

2 al + + 4
1—2z= P (kout +U[2i:(pi +k; )}) + O(\%)
9 N
= = (P Fou + 8] D07 +K7)) + OO, (2.12)
5 i
where § = p?. We see that since p; is timelike, 1 — z depends on the timelike
component of the soft momentum outside of the jets and on the null component of
the momentum within the jets.

So far, we have discussed the kinematics in the hadronic endpoint defined as 7 — 1,
which is the main focus of this paper. However, z can be forced close to 1 not only
in this hadronic endpoint, but also in the limit of steeply falling parton luminosities.
In this case, final states with small values of § are preferred, giving again z — 1. Our
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analysis is independent of the precise mechanism which guarantees that 1 — z can be
regarded as a small quantity, and can therefore be used away from the true hadronic
endpoint.

We are now in a position to discuss how our parametrization of 1 — z reduces to
the standard variable in the case of Drell-Yan and cases when there is one inclusive
jet, such as B — X7, DIS, and direct gauge boson production. As we will see in Sec-
tion 2.5, Equation (2.12) implies the soft function in general depends on the timelike
component of kq,; and on the null components (with respect to the corresponding jet
directions) of the soft momenta in each of the jets k;. In Drell-Yan, there are no jets
in the final state and so the entire soft momentum k; is just koy. This is why the
soft function in Drell-Yan depends only on the timelike component of the total soft
momentum. For a single inclusive jet (i.e., defined with a jet algorithm that includes
all of the hadronic momentum), all the soft momentum is included in the jet, such
that k; = k;. This explains why the soft function in this latter type of process only
depends on the null component of the total soft momentum. In Ref. [86], on the
other hand, threshold resummation for dijet production was considered and it was
found that the soft function only depended on the timelike component of momentum
outside of the jets. This apparent discrepancy is due to the fact that the limit of
small jet size R — 0 was taken and the contribution of in-jet soft particles vanishes
in this limit.! From the discussion above, the soft function will have dependence on
the null component of in-jet momentum for jets of finite size.

2.3 Non-global Logarithms and Our Definition of
Threshold

In Ref. [86], two definitions of z were defined for the case of two final state jets,
which we denote here as z, and z,,

2
2, = (p1 —|:p2)
S
2 .
5= 2L P2 (2.13)
S

where p;o are the total 4-momenta of the jets . Note that, unlike p; (cf. Equa-
tion (2.4)), p12 can not be defined by the jet direction and energy alone, so both
definitions of 2z are indirectly sensitive to the jet mass. To lowest order, 1 — z,; can

!Note that double counting is avoided in [86] by removing collinear modes from the soft function
(“eikonal subtractions”), which, for R ~ A, removes any dependence on the soft momentum inside
of jets, at leading order in the power counting.
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be written as

2k0
1 — 2z, = =22 L O\
A (A%)
Qko 2 2
1_Zb: 0ut+p1+p2

+ 00\, 2.14
MJJ M}J ( ) ( )

where on the right-hand side, M3, can be set to (p; + p2)? for both z,, to order A*.

It is well-known that jet observables which have an energy scale of radiation inside
of a jet that is widely disparate from the scale outside the jet give rise to non-global
logarithms [62]. This is due to the fact that in this case, real emission corrections
to radiation inside the jet can be vetoed when one of the daughter particles escapes
the jet, and this leads to an incomplete cancellation of real and virtual corrections,
an effect which is stronger for radiation near the jet boundary (the so-called “buffer
region”). As has been pointed out in the literature (see, e.g., Ref. [17]), 2z, introduces
non-global logarithms, whereas z;, does not. This is clear because the limit 1 —2, < 1
only restricts radiation outside of the jet and, for a jet size R ~ 1, the radiation
within the jet is not restricted in the hadronic endpoint 7 — 1. On the other hand,
the scaling of in-jet and out-of-jet radiation is correlated with z, (in particular, in
both cases soft radiation has momentum components that scale as M;;(1 — z;)) such
that no non-global logarithms should arise.

Notice that for a two-jet final state in the hadronic endpoint (7 — 1), the definition
of z given in Equation (2.5) reduces to

L ot ZRow bt +2p%
My M3,

+ O\, (2.15)

where we used Equation (2.12) and that, to O()\?), p; = (v/3,0) = (M;,0) in the
7 — 1 limit. Thus, our definition of z restricts radiation both inside and outside of the
jet, similarly to z, in this limit and should correspondingly not introduce non-global
logarithms for R ~ 1. (This is also clear directly from Equation (2.12) which is valid
away from the hadronic endpoint, provided another mechanism enforces 1 — 2z < 1,
such as the steepness of pdfs.)

2.4 Jet Algorithms at Hadron Colliders

Perturbative calculations require a precise definition of the phase space boundaries
imposed by the jet algorithms. Any jet algorithms needs to be infrared safe; otherwise,
it leads to infrared divergent results when calculated in perturbation theory. There are
two general types of jet algorithms: cone algorithms and cluster algorithms. Cone
algorithms decide on which particles belong to a given jet based on cones of fixed
size R, while cluster algorithms group particles together into jets based on a relative
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measure of their distance. These jet algorithms act on the entire set of particles in the
final state to decide how many jets are contained in a given event and which particles
belong to which jet. Almost all jet algorithms depend on a jet size R, and a distance
AR;; that measures the distance between two particles in n — ¢ space

ARy = /(D)2 + (D)2, (2.16)

As discussed in the previous section, the relevant degrees of freedom in jet pro-
duction close to z = 1 are collinear and soft particles. To perform perturbative
calculations in this region we therefore need a restriction on these degrees of freedom
to decide whether they belong to a given jet or not. Collinear particles in a given
direction all belong to the same jet. This is in contrast with soft particles, which
can either belong to a jet or not. Note that the treatment of jet algorithms in SCET
is only correct to leading order in the power counting parameter . Therefore, we
assume that all jets have energy much in excess of their mass, and that all jets are
widely separated.

Standard cone algorithms, such as SISCone, are quite simple. The restrictions they
impose on each particle to belong to a given jet are independent of other particles
in the event, and only depend on the angular distance from the jet direction. The
restriction for both soft and collinear particles to be in a jet j with direction n is
therefore

@:;ft,j - @CR;ll,j - H @(ARZ{” < R) . (217)

For the purposes of this paper, we only need results at relative order ay, and therefore

only have to consider one extra particle in the final state. The restrictions therefore
simplify, and for the extra particle i we can write

OF, =06~F =O6(AR, <R). (2.18)

soft,j coll,j

Cluster algorithms iterate a process of calculating a distance measure d;; for all
pairs of particles and a distance d; for each jet and, if a d; is smallest, removing
particle 4, or, if a d;; is smallest, merging jets ¢ and j. In general , d;; is defined as
d;; = min{d;,d;}AR;;/D, where D is a fixed parameter that characterizes the size
of a jet and the precise definition of d; depends on the choice of algorithm.? This
makes the action of the jet algorithm considerably more complicated. As explained
above, all collinear particles in a given direction have to end up in the same jet, which
allows us to write a generic restriction for the action of a cluster algorithm on a set
of collinear particles in a given direction as

coll,j min

N-1
of, =[] o(ARN < R). (2.19)
k=0

2An example for such a distance measure is d; = p’. for the kt algorithm.
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Here, N denotes the total number of collinear particles in the direction of the jet
n;. ARN-F denotes the AR;; between the pair of collinear particles in the set of
N — k remaining particles with the smallest d;;. For soft particles, such a generic
formula is not possible (at least analytically), since different soft particles can end
up in different jets, and the restriction on a given particle depends on all other soft
particles in the event. At relative order a,, however, the restrictions ©F for cluster

algorithms simplify and are given by

08, =0O(AR;, < R) (2.20)
for soft particles and by
O, =O(ARy < R) (2.21)

for collinear particles, where k and [ label the new particles after the collinear splitting.
For more information about jet algorithms in SCET, see [66].

2.5 N-Jet Factorization Theorem

In this section, we present the factorization theorem for the cross section to pro-
duce N jets, defined with respect to a jet algorithm, differential in the 3-momentum
(pr and pseudorapidity 7) of each jet and of the non-strongly interacting particles.
To keep the notation simple, we begin in Section 2.5.1 by discussing the case of a
single jet produced via the channel q¢ — g. We then discuss the differences between
this derivation and the one needed for the channel qg — ¢. It will be clear from these
derivations that, aside from the promotion of the hard and soft functions to matrices
which arise from mixing of operators in color space, there is nothing conceptually or
technically new for arbitrary N-jet production in our approach. This allows us to
generalize our results to the N-jet factorization formula in Section 2.5.2.

In writing down a factorization theorem, we first assume that we can match QCD
onto operators in SCET containing N + 2 distinct collinear fields. This is valid
when a (direct or indirect) measurement constrains the final state to be N-jet like.
In our case, this is ensured by the fact that we take the variable 1 — z to be small,
together with the assumption that the jets are well separated from each other and from
the beams (with the latter requirement ensuring that the probability of initial-state
collinear radiation to produce a jet is power suppressed relative to the probability
of the jet arising from the hard interaction). Our derivation is agnostic as to the
cause of 1 — z < 1, and in Chapter 3 we explore in greater detail in what regimes
the steepness of parton luminosities allow the factorization theorem we derive here
to be applied away from the hadronic endpoint. We will assume in this section that
the reader has some familiarity with SCET. For details, we refer the reader to the
original SCET literature [23, 25, 31, 30].
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2.5.1 Case of a Single Jet

Working to leading order in the electroweak coupling constant, we first write the
full theory matrix element mediating the partonic interaction as

(qX[O|P1Py) = MIPHT (X |20 A| P Py) . (2.22)

Here, |q) represents the non-strongly interacting final state of total momentum g,
|P;) and |P,) are the incoming hadrons with the corresponding momentum, and |X)
represents the hadronic final state. The index ¢ labels Dirac structures. This equation
defines the M*”*. Note that we have used the fact that there is only one color singlet
in the decomposition of 3 ® 3 ® 8.

In terms of M;, the matching of QCD onto the fields of SCET takes the form

M Qo (z) = MY [y A (x)

=D MY Cy{Bhe P [(3 ) ()i (B )] () (2.23)
j {5}

where p; is the label momentum carried by the field. At tree level, we have
Ci;({p}) = 645 - (2.24)

The matching condition in momentum space takes the form

MiaB”Qa'g’*(k:) = Miaﬁ“ /d4x e~ ke Qo (g)

= S (T1 [0 ) oo (60 i) B o)
x (2m)'6Y (p1 + p2 — ps — k), (2.25)

where we turned the sums over labels and integrals over residual momenta into inte-
grals over the full d*p; and used the shorthand notation

/d‘*p = /%. (2.26)

Using this matching condition, we can write the cross section differential in the
jet pseudorapidity n; and transverse momentum p7 as

do rest.
deTdtanh anq) = 2E2 Z |<(JX|O’P1P2> zpin avg.a(nj - n(X))éQ(pr; - pT(X))
J q

cm X
x (2m)*6* (P, + Py — ¢ — px) (2.27)
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rest.

w2 e T H [ [ et Cu )y (51

cm X ’L,j i
spln

X (PLPs|X2 (9) X2 (—p) BE (—p) | X ) (XX (—p1) X§ (p2) B (—p3) | P Po)
x 8(ny —n(X))8*(py —p (X)) (2m)* 6" (p1 +p2 —ps — q) - (2.28)

Here, we defined d®, as the phase space measure of the m non-strongly interacting
final-state particles,

4P, = ﬁ La (2.29)

where we have omitted symmetry factors coming from identical particles in ®,. The
restriction on the sum over final states X (“rest.”) is that they include exactly one jet
as defined by the jet algorithm and the delta functions that fix n(X) and p*(X) act
on the part of X identified to be the jet, which we assume to be sufficiently separated
from the beams such that contributions from collinear initial-state radiation are power
suppressed. We also define M = y°MT4°. To arrive at this equation, we used the
hadronic momentum-conserving delta function in the first line to shift the operator OF
to the point x, applied the matching condition Equation (2.25), and then integrated
over x which resulted in the partonic momentum-conserving delta function on the
last line.

We can simplify Equation (2.27) using the following observations. First, we can
use the BPS field redefinition [30] to decouple soft and collinear modes to O(\?),

Xn(2) = Yo (2)xn(7) (2.30a)
Xn(2) = Xn(2)Y] (2) (2.30b)
By(x) = Yulw)Bu(x) = Y} (2) Ba(2)Ya(2), (2.30c)
where Y, is a soft Wilson line, for which we adopt the conventions®
0
Y"(z) = P exp {igs/ dsn - As(x + sn)} : (2.31a)

for an incoming particle (where P denotes path ordering) and

YUt (x) = Pexp {igs / dsn - As(z + s n)} : (2.31b)
0

for an outgoing particle. In momentum space, the field redefinition in Equation (2.30)
induces the shift p. — p. + ks, where k, is the total soft momentum carried by the
Wilson lines.

3For a discussion of the various conventions for incoming and outgoing Wilson lines and how they
are related see, for example, Ref. [14]. There is also a nice discussion of how soft Wilson lines arise
in the path integral formulation of SCET in Appendix C of Ref. [35].
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Second, we can implement the restriction on the final state X that there is one
jet at the operator level to all orders by using the jet algorithm operator é)f“, defined
in Section 2.4. This allows us to complete the sum over X and factorize the collinear
and soft matrix elements from one another.

The final state collinear matrix element can be written as

(0| BI(—ps) OF 1 56(ns — 7)0*(p) — pT) BY (—p3)|0) = (2.32)
— E;(2m)*6* (ph — p3)5ABQﬁ3 J4(p3),

which defines the gluon jet function J¢(p). Integrating Equation (2.32) over the full
ps and pj§, which contain integrals over residual momentum and sums over the labels
w and ng of the B field, fixes the labels to be ny = (1,pY/|pt|coshn;, tanhn;) and
w = 2pT coshny. The label “3” on @?j{ and on gj;’ indicates these are defined with
respect to the direction n3 of the jet. Note that this jet function depends on the
choice of the jet algorithm.

For an algorithm that is inclusive over collinear initial-state radiation, the initial-

state collinear matrix elements give rise to pdfs from the relations [24, 26]

[0 PO NG0) Plan o = Fanos () [ a0

[ P R )P, = Fenir (5) / o), (239

with p; 2 set to :ngEcm% = %wl,g ni2 (where ny =n and ny = n) and pj 5, = pro.
The color structure in the matrix elements Equations (2.32) and (2.33) leads to a

trace over the color structure of the Wilson lines in the soft function. We can write

the soft function in terms of the variables of interest ko, and k3 (the out-of-jet and

in-jet momenta) as

[its e ) =

1 = A . A
Hen /d4k8<0|T[Y,32YggT Yo Yoo |81 (R = i) T [V Y T4V, | 0)

= / A*koue d*k3 S (Kous, ks, {ni}), (2.34)

where {n;} = {n,,ng,n,} and T (T) denotes (anti-) time ordering. S(kous, k3, {ni})
is then defined as
1

»Sf(kout7 kg, {nz}) = m<O|T|:YJ2Y7LTAYn3YnIi| 54(k3 — ]%3)

ni1-n3

3 0 kot — l%out)T[YT v TAYMYM} 0Y, (2.35)
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and it is understood that the replacement ks — kous + k3 should be made wherever
ks appears. The operators kow and k;g are defined as

/2:“ = @ifh?)ia“
it —( —éf;ftﬁg)za“. (2.36)

out —

Finally, using that the spin- and color-averaged square of the Born matrix element
Mg, |Mg|?, can be written in terms of M; as

P =L S Myl = - DTS posuggai )0 gy gL

40’24 spin,color 40‘24 3,1’ guu
Crp . suaBi (T \ % [\ PP
= ———§ Y MMM, (—) (—) s (2.37
40,48 i i D) 9 gMM ) ( )

1,0

we see that the Dirac structure of the matrix elements in Equations (2.32) and (2.33)
naturally gives rise to the Born cross section.

To simplify the notation, we define a hard function H which includes all pertur-
bative corrections contained in the matching coefficients Cj; as

A ~ * ~ (e “7Bak 1 aa 2 pB
S5, CulPeDCoy (DM I () (%) g
| Mp|?

H({n;,w}) = -

(2.38)
where w; are the labels on the three collinear fields. H by definition is 1 to leading
order in ag. Putting this together, we arrive at the expression

do E; dz, drg——— 4 / m / 4
Mpgl|? ko | Ak 2.39
d2pldtanhn,d®,  2E2, / , [ Ms| / A'ps ¢ 3 (2.39)
X H({nwwz})fq(ﬂfl)fq(wz)c]g 3)Sag—g(Kout, k3, {ni})
(27T)454(371Ecm 5 + 29 Bems — q — kour — p3 — k3) .

A

[\3|3|

The final step is to simplify the momentum-conserving delta function. We use
Equations (2.8) and (2.11) to write it, up to power corrections in A, as

54(3:1Ecmﬁ

n
9 + x2Ecm§ —q— kout —P3 — k3)

2 1
= Eng(F(l —z— 3 [ij ckowt + 2])?(]92r + k:;r)D

Tsinhny + g
x 0% (py +qt 5<Y—tanh1(pJ )) , 2.40
(P} + ) T (2.40)
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where p; is the total (partonic) initial-state momentum, p% = (z; + 22)Fen/2 and
pi = (x1 — x9)Eem /2. Here, we used that

5T, y)] gl y)] = 2= lﬂfﬁy ~ )

: (2.41)

(z,y)

where f(xo,%0) = g(x0,y0) = 0 and made the change of variables

T v
= )= ) 2.42
) \/:e ( )

In switching from z; 2 to z and the total rapidity Y, we will also need that

d:cldxg /dz /% : (2.43)
T ’

1
31

~|\N

Now, since there is no dependence on the soft momenta other than on the components
pr - kouwt and k;j and the only unconstrained component of ps is the plus-component
ps, we can integrate over the other variables to obtain our final expression

ol
d?pTdtanhn,;d®, Eé*m

x / dpt J2(p?) / a0, / Ak sy (K KO (DT + 47

o (0
P coshny + go
2
X 0 [1 —z— 7<coshY(pc + k) + koutﬂ (2.44)
E

The soft function in Equation (2.44) is defined as

w\»—t

T AY TP H g (s s} fo ) o)

m\»a
\HN

O[TV YT, a0k — o (kS — 2 l%out>

ne - n3 out |p[ |

Sqq_}.‘](k:(())ut’ k;_7 {nZ}) CACF

X TV YL T, Yo [0)

ni-ns3

=6(K2 )0(kd) + O(a) . (2.45)

Note that, despite our notation, k%, = pr - kou/|ps| is simply the projection of the
soft momentum outside of all jets onto a timelike vector. This function is most easily
computed in the partonic center-of-mass frame where p; is in fact purely timelike.
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However, in general p; will have nonzero spatial components, in which case k2,

is not simply the energy component of the k.. four-vector. The jet function in
Equation (2.44) is defined as

v w DT V v
T )5 =~ [ate v 0| BE )6l BIE)]0) = 5 )9t + Ofan),
(2.46)

where, again, the label w is set to w = 2E; = 2pf. coshn;.

The majority of the above discussion goes through in much the same way for the
channel gg — ¢. The main differences are that the matrix element of final state fields
gives rise to a quark jet function, defined by

/¢4 (0]x5 (Ps) O 50(ns — 76> (PF — D)X (ps)|0) = 5CIC(%>a/an}(p3) . (2.47)

which, after integrating over all but the p* component, becomes

270 = 5 [ate e 015 @08, O010) = 565 + Ola). (249

For the initial-state gluon, we obtain the gluon pdf via the relation

[t BB IR = s [ Y.

Finally, the soft function is defined as in Equation (2.34) but with the appropriate
modification in the definition of the Wilson lines for incoming and outgoing fields given
in Equation (2.31). The final result after these differences are taken into account is
of the form Equation (2.44) but with the substitutions f; — f,, J9 — J9, and
Saa—g —* Sag—q-

2.5.2 Extension to N Jets

The above results clearly generalize. The only nontrivial complication is due to
mixing in color space. To avoid cumbersome notation, we will explain what generalizes
and state the result rather than write down the N-jet derivation. Explicitly, for every
quark, antiquark and gluon in the final (initial) state, the all-orders jet function (pdf)
has precisely the Dirac and color structure to contract with the non-QCD matrix
element Mia’g "M o give the Born matrix element at tree level. The pdfs and jet
functions have the same definitions as in the single jet case. However, due to the
fact that operators with different color structures in general mix, the hard and soft
functions in these formulas should be interpreted as matrices in color space.
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Since the main difference in the generalization to N jets is in the soft function,
we will discuss it in more detail. It takes the general form

1 P ']%ou al 2
(oo s ) = 701088 (Ko = F ) [T = k) Osl0), - (2.50)

where N is a normalization factor such that the soft function is unity (times delta
functions in its arguments) at tree level and the operator Og is the product of Wilson
lines that arise from the BPS field redefinitions Equation (2.30), appropriately traced.
As for the one jet case, the arguments k; in the soft function run over all final state
jets and the n; include all directions, both initial and final. The operators l%out and
k; that appear in Equation (2.50) are defined as

K, = (1 — Z @Sofm)za“ (2.51)

The result of going through the same steps as for the single jet case leads to the N-jet
factorization formula,

nz

do / /% =
dz dY |Mp[*H ({n;, w; x x
[T d2p! dtanh n,,dd, [ Mp[?H({ni, wi}) fr(21) fa(2)
dp;
8 H/Q-(2 pZ l_J:/dk+ /dkgut out?{nwkz })
2
4 —z— — +
X (2m)* 4 [1 2z \/g(coshYZ i+ k; )+k0ut)]
- py sinhny + g,
x 8| Y —tanh™* Z;fo sinhir, + 4
2. Py, coshy, + o
N

X 52(2 p; +4q'). (2.52)

M\»—‘
*\\N

In Equation (2.52), both H and S are matrices in color space, while J and f are
proportional to the identity in color space and there is an implicit trace. Loop cor-
rections will in general mix color structures, which means that beyond tree level H
and S will contain off diagonal elements. The details of resummation in the presence
of color mixing is discussed in [42].
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2.6 Anomalous dimensions

Now that we have shown that a generic N-jet cross section factorizes in the limit
of 1 — z < 1, we are left to calculate each ingredient of the factorization theorem. In
this section, we focus on the consistency of the factorization theorem to O(ay), and we
therefore need the one-loop anomalous dimensions for the hard, jet and soft functions.
Note that the results presented here are enough to resum threshold logarithms at
NLL.

2.6.1 Hard, Jet, and Parton Distribution Functions

Both the Born-level matrix element and the hard function, which can be found by
calculating the virtual corrections to the Born-level matrix element in the MS scheme,
are process dependent, so they can not be calculated generically. However, the hard
anomalous dimension, defined as

dH ({ng,wi}; p)
dInp

= vu ({ni, wils p) H ({ni, wits 1) (2.53)

only depends on the directions n;, label momenta w;, and color charges T; of the
collinear particles and is given by ([55], [15], [32], [73], [33])

2
7] NN
’}/H({nwwl}, /J,) = | Z <_Fcusp T’L2 ln F - ’yz) - 2 Fcusp Z r]:‘,L-T‘7 ln 2 J
i€{partons} v (,5)
(2.54)
The cusp anomalous dimension at two loops is given by
r o a? o 67 7 200 T (2.55)
cusp — - 5 —_— — = | — = n . .
PT o T2 |\ 9 3 g
The v; to one-loop are given by
3063 Qg
Y= Cr and Vg = %ﬂg, (2.56)
for quarks and gluons, respectively, where 3y is defined as
11C 2N
fo=— A_ _3f , (2.57)

The sum on (i, j) is a sum over all distinct pairs of partons i and j for i # j.

4There are several different ways to define precisely what is meant by NLL. In this thesis, we will
use the convention of [35].
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The quark and gluon jet functions have been calculated previously, e.g.[28, 43, 18],
and were first calculated with a jet algorithm in [66]. Their anomalous dimensions,
defined by

dJi(p)'; 1 vy
d<ln " - / S (e SOV ACERIOR (2.58)
0
are given by
+. 2 I + 9 1 M
Vi (pi ’M> = (2 FCUSP Ti In . + '7i> 5(]91 ) - 2FCuSp TZ' -\ = . (259)
wz HJ pz +

The expressions for I'c,sp, and 7; are the same as for the hard function. Note that
the algorithm in [66] used a polar angle for the measure and not Equation (2.16).
However, since the anomalous dimension in that case did not depend on the algorithm
parameter R, the result must be independent of which measure is chosen since the
precise definition of the jet boundaries is not associated with any singularities. It does
however affect the finite parts of the jet function, which become important starting
at NNLL accuracy.

It is well-known that the parton distribution functions are not perturbatively
calculable; in practice, they can be expressed as universal matrix elements, which are
then extracted from experiment. However, the evolution of the pdfs with u can be
computed,

dfi(wi; p) Qs Ydz T
dlnp ?/xl ?P”(Z)f] (;,u) ’ (2.60)

where the repeated index j is summed over and P;; are the Altarelli-Parisi splitting
functions. Near hadronic threshold, the splitting functions simplify and can be written
as

m

1
(I—x)s
2.6.2 Soft Function

In general, the soft function depends on the null component of the soft momentum
inside each jet as well as the timelike component kU, (defined in Section 2.5 as
k2., = pr- kouw/|pr]). At order ay, the soft function can be written as a sum of
functions that depend only on one momentum variable, with trivial dependence on

the others and is given by

Sk i k1) = Soms (k) [T 0D +0(kS) D Sul®") [ oK),
1€q{jets} i€{jets} jE{jeps}
J#i
(2.62)
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where the sum over i € {jets} is over all i corresponding to outgoing jets and does
not include the incoming partons (and we remind the reader that the dependence
here on k; is only over final state jets but the n; run over all initial and final partons).
The timelike component of the soft function, S, receives contributions from soft
gluons that are not inside any of the outgoing jets. We can find this by calculating the
contribution of soft gluons going anywhere and then subtracting the contribution from
gluons that enter one of the jets. This can be written in the hadronic center-of-mass
frame as

dk T M
ou — T T 9 2 26/ ]
¢(Kous) Z g (2m)d (n-k)(n;-k)

X 275(]‘72)5( ek kgut) [ Z CH k} , (2.63)

|p[| ke{jets}

where @kR is the restriction that the gluon is in jet k, defined by a jet algorithm of
size R as in Section 2.4. This is most easily calculated in the partonic center-of-mass
frame. Denoting the directions and energies of the collinear partons in this frame as
n; and w; respectively, we have that

o(Fout) Z g# (2m)4 (R k) (7 k)

X 27T5(k2)5(k out |:1 - Z @soft k::| ) 2 64)

ke{jets}

where we have used the fact that, for an n— ¢ algorithm, the jet algorithm restrictions
are frame invariant.

The null components of the soft function, S, (k;"), are defined in the hadronic
center-of-mass frame as

(k) = ZT T, 262 26/ A% niny 21 8(k2)6 (ny,-k — k7 )OF
i (2m) (k) (k) '

(2.65)

In the partonic center-of-mass frame, this can be written as

dk P i w "
S (k) = TT222€/ LT __omd (k)= kT — Rk
Z o (2m)d (R;-k)(nj-k) mo( )@k ok @softk

(1,9)

(2.66)

The calculation of Sj, and S,y in the partonic center-of-mass frame can be related
to the calculation of the soft function in [66]. While [66] uses a polar angle measure,
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we will show that, even though S;, and S, separately depend on the parameter
R, the anomalous dimension is R independent. This implies that all algorithms
with the same singularity structure as the polar angle algorithm used in [66] have the
same anomalous dimension for this observable. Specifically, the anomalous dimension
calculated in the partonic center-of-mass frame should be the same for both a polar
angle measure and an 7 — ¢ measure. Since the n — ¢ measure is boost invariant,
the R independence of the anomalous dimension must be true in all frames®. The
relations of Sy, and Sy to the soft function in [66] are given by

Sout (K2, QZdA ginel 4 Z sk : (2.67)
ke{jets} A=k,
and
Sin(k;H) _22 Smeas (2.68)

where S}, S, and S[}** are defined and computed in [66]. In calculating S7<,

we use the definitions Té’“ = k::/d)k and dp = 0 (7‘6g — k:*/wk), where 7, and dpr are
originally defined in [66].
The anomalous dimension of this soft function is defined as

dS (K0, {n
(ks s k7 / e / AR, Vs (K — Ko {nis ki — K Y5 1)

d ln M out out?

i€{jets}
xS (Kl {ni, K7 Y5 1) (2.69)

Using the results of [66], together with Egs. (2.67) and (2.68), the result for the
anomalous dimension can be written as

75( out7{nl7kz } ,LL Z fys z 7” H 6 out

ic{jets} J€{jets}
J#i
_'_fysout 0ut7 H 5 k+ (270)
i€{jets}
with
75, (k' 1) = 2 T T — (Wi} .
pi \kjfwi J

n;-n; 1
VSout Ungt; M) - Fcusp Z T .Tj (2 o TJ) 5(kgut> 4 FCu5p (T% + T%); (ﬁ)
(i,

®We have verified this explicitly for small R by making the replacement R — R/coshn, which
relates the polar angle and n — ¢ measures in the small R limit.
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2.7 Consistency of Factorization to O(«y)

Consistency is a nontrivial check of our factorization theorem. The factorized cross
section should be independent of the factorization scale p in the threshold limit and
thus renormalization group invariant. Starting from the generic N-jet cross section,
Equation (2.52), ignoring multiplicative factors that do not affect the derivative, and
using the shorthand notation

do _ d do
ding — dInp[],d?*p) dn,d®,”’

(2.73)

we have that

/ s / 211 T AY H({n, w0} 1) (s ) ol )

d ln,u
X H /dpz J pz 1 H /dk+/dk2ut out7{n17 % }Hu)
i€{jets} zE{Jets}
y d In H({n;, wi}; p) i d In fi(21; 1) i d In fa(22; 1)
dInp dInp dIngp
3 dInJi(p/sp) |, d IHS(’fSut,{mak?};u)>
i) dlInp dInp
X0 |1l—2— i(cos.hY Z pi + k) + kout> : (2.74)
V3

i€{jets}

There are several simplifications we can make to check the independence of p. First,
only enters perturbative expressions, and whether or not the cross section depends on
1 is independent of nonperturbative physics. This allows us to use the perturbative
definition of the parton distribution functions. Second, given that the u dependence
of each of the factorization ingredients starts at order «g, we can use the tree level
expressions for the hard, jet and soft functions, as well as for the pdfs,

filz; ) —5(1—33) (2.75)
H({ns,wi};p) = ( )
Ji(p s ) = 5(2% ) (2.77)

( out’ {n“kz } :u) = 5 kc())ut H 6 k+ ( )

i€{jets}
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Using this and working to lowest order in «y, we can simplify Eq. (2.74) to get

do _a, a Vs V'3
Lp S p _ Ve LT
dlnp _— n(r) + T 22(7) + 2coshY Z T (QCoshY( T)"u)

1€{jets}

+—20(ﬁy > s, (—QC;ﬁY(l_T);“) +ym () 6(1 — 1)

i€{jets}
V3 V3
+ 5 VSout 7(1 —T)ip |- (2.79)

After plugging in Equations (2.54), (2.59), and (2.70), rescaling the plus functions

using the identity
1 1 1/1
(—) zﬁé(x)jt—(—) : (2.80)
azx ), a a\z/,

and combining the various terms, we find

do Y T.T, (21 ) | gy 9 (2.81)
X cus n n— .
dnp P P n; nj ! 5
irj
+ T3 1n + > T} (21 —>] (2.82)
i€{jets}

After making the simplification

Y T.-T, (21 Z Zj) ZT T, (ln—+lnwj>: oo (—2111;—;),

(,5) z;éj i€{partons}
(2.83)
where we have used that p;-p; = p;-p; and >, T; = 0, Equation (2.81) gives
do
=0. 2.84
dInp (2:84)

This result confirms that our factorization theorem is consistent at hadronic threshold
and justifies using the renormalization group to resum logarithms of 1 — 7.
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Chapter 3

A Measure of Effectiveness for
Threshold Resummation

3.1 Introduction

In this section, we parameterize the enhancement of threshold effects away from
hadronic endpoint that arise due to the steeply falling nature of parton distribution
functions, within the context of soft-collinear effective theory. This is accomplished
in a process-independent way by directly linking the characteristic scale of soft and
collinear radiation, A, to the shape of the pdfs. This allows us quantify the power
corrections to partonic threshold resummation as a function of the invariant mass
and rapidity of the final state. In the context of SCET, being able to compute A in
a process-independent manner allows us to determine the correct scale for threshold
resummation after integration with the pdfs, without any additional procedure.

There has been much effort to increase the accuracy and precision of predictions
for observables at hadron colliders. The standard technique to improve the accuracy
of calculations is to add fixed orders in perturbation theory. Many observables have
been calculated to next-to-leading order (NLO) in QCD, and for some next-to-next-
to-leading order (NNLO) has been achieved [78, 10, 101, 8, 44, 9, 11, 12, 7, 75, 50].
Frequently, observables contain large ratios of scales, usually due to experimental
cuts or the presence of several mass scales in the process. In such cases, one can
increase the precision and accuracy of theoretical calculations by resumming the large
logarithms of these ratios to all orders in perturbation theory. Standard techniques
allow for the resummation of these logarithms at next-to-leading logarithmic order
(NLL) and beyond [110, 48, 42], while recent advances in effective theory methods
(23, 25, 31, 30] provide a systematically improvable alternative to resummation in
hard-scattering processes [24].

It is well known that, beyond leading order, partonic cross sections contain terms
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of the form

1—=2

a” (—logm(l — Z)> , (3.1)
n

where m < 2n — 1 and z = §,;,/$ is a measure of excess radiation in the process.
These terms are due to collinear and soft singularities in the real emission diagrams
of the perturbative series and can be resummed with the same techniques used for
other large logarithms. Threshold resummation has been applied to several Standard
Model processes, including (inclusive) Drell-Yan [110, 48, 82, 35|, prompt photon
[51, 37], Higgs production [97, 89, 83, 2, 3], and dijet and heavy-particle production
(90, 40, 52, 86, 87, 85].

It is important to understand when threshold logarithms are phenomenologically
relevant. The partonic endpoint (where logarithms of z become large) cannot be
observed, since one integrates over the partonic variable z when the partonic cross
section is convolved with parton distribution functions (pdfs). The exception is near
the hadronic endpoint, where the partonic and hadronic endpoints are equivalent. As
an example, consider Drell-Yan, where the rescaled leptonic center of mass energy is
given by 7 = m,/s. The hadronic cross section is then

do ! R
2= / dz £(7/2)6(r, 2) (3.2)

o [ () ) () )] o

is the parton luminosity. From this expression, one can immediately see that a mea-
surement of Drell-Yan close to the hadronic endpoint (7 — 1) also forces the partonic
center of mass energy z to its endpoint, such that these logarithms become important.
However, away from the hadronic endpoint, the integration variable z is not forced
to one, such that it is not clear that the threshold terms given in Eq. (3.1) should
dominate over terms which are, for example, polynomial in z.

By comparing resummed cross sections with available fixed order calculations it
has been noted that, in certain cases, the threshold terms at O(as) give the dominant
effect of the full NLO correction, even far away from the hadronic endpoint [13, 51, 35].
This observation has been used to suggest that threshold resummation is effective not
only in the hadronic endpoint, where it is clearly necessary, but also for much lower
values of 7. One possible explanation for this is the shape of parton luminosities [13,
51]. For steeply falling parton luminosities, the integration in Eq. (3.2) is dominated
by the smallest values of 7/z, which is the region z — 1. By assuming a simple,
analytical form for the parton luminosity, one can make this argument more precise
[35]. However, the corrections to threshold resummation applied away from hadronic
endpoint have not yet been studied without assuming a model for parton luminosities.
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The goal of this section is to provide a model-independent, quantitative measure
of the corrections to partonic threshold resummation. Using only the shape of the
pdfs, we define a parameter A that can be used as the expansion parameter in SCET.
This implies that corrections to the threshold resummation are power suppressed in \.
Since we will use the measured pdfs to calculate A, our definition does not require the
assumption of a particular form for the parton luminosities. Thus, A can be viewed
as a model-independent definition of the steepness of a parton luminosity. We will
determine the numerical size of A for various parton luminosities as a function of the
hadronic threshold variables 7 and Y. In addition to quantifying power corrections,
A allows us to determine the scales relevant to threshold resummation in SCET after
convolving the partonic cross section with the pdfs. This avoids integrating over un-
physical regions (a consequence of setting the scales before integration) or introducing
a process-specific procedure to calculate the scales.

This section is organized as follows. In Section 3.2, we will define the relevant
expansion parameter in threshold resummation and show that it has the expected
behavior for a simple choice of the pdfs. In Section 3.4, we show the consistency of
the factorization theorem assuming only small values of A, but keepinig an arbitrary
functional form for the pdfs, while in Section 3.3 we discuss the scaling in A of
integrals against the pdfs. In Section 3.5, we will determine the numerical values
of this expansion parameter for the actual pdfs.

3.2 Definition of Steepness

The only assumptions one has to make to allow for the resummation of thresh-
old logarithms is that 1 — z < 1, where z is appropriately defined, along with the
statement that pdfs factorize from the partonic cross section [60, 56]. We will use the
definitions

Smi Smi
=—, T=—", (3.4)
§ s

N
N\ 2
S = (4+ 307 (3.5)

Here ¢ denotes the sum of the momenta of all non-strongly interacting particles, and
p is the momentum of the ith jet. This momentum is defined in terms of p} and 7,
of the jet as

with

b= (p}‘ COSth;p?;»Zﬁ Sinth) . (36)

Thus, the jet 4-momentum is reconstructed from the measured transverse momentum
and rapidity, assuming zero mass.
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A generic hadronic cross section can be written as

%ln% 1
do :/_ m;dy /Tew dz fi (\/;Y) fo <\/§ey) do(z,7,Y) + (1 2). (3.7)

1
2

One can use soft-collinear effective theory to analyze the partonic cross section, with
corrections being suppressed by powers of 1 — 2

do(z,7,Y)=do(z,7,Y)scer + O(1 — 2). (3.8)

As was shown in Chapter 2, the SCET partonic cross section factorizes, and renormal-
ization group equations can be used to resum threshold logarithms. No assumptions
were made about the kinematics of the event other than 1 — 2z ~ A2, where ) is the
usual SCET power counting parameter, which relates the hard, collinear and soft
scales via e/ pn ~ s/ e ~ A

From Eq. (3.7) it is clear that z is forced to one if the kinematics force us close
to hadronic threshold, 7 — 1. In this case, 1 — 2z < 1, which means that the
power corrections in Eq. (3.8) are small. Away from hadronic threshold, however, the
partonic cross section gets integrated over values of z for which 1 — z ~ O(1). For
generic parton luminosities, threshold resummation will have O(1) power corrections
when applied away from hadronic threshold, if the region 1 — z ~ O(1) is large.

If the parton luminosities are dominated by the region where 1 — z < 1, however,
the SCET expression gives the dominant contribution to the hadronic cross section.
We can quantify the corrections due to this by defining a parameter

e\ T o 72|Y|dz‘f1(\/_e )Hf?(\/_@ )|
) =T A ) s (VEe )] (3

In other words, the parameter ¢ measures how much of the parton luminosity is
contained in the region 7e 2Y! < 2 < 1 — \? compared to the region 1 > z > 1 — \2.
This parameter obviously depends not only on our choice of A, but also on the hadronic
center of mass energy 7 and the total rapidity of the event Y. Note that for fixed
values of 7 and Y, € is as a monotonically decreasing function of .

Using this definition, we can write

%ln% 1
do = / dY/ dz fy (\/Eey) f (\/Ze_y> do(z,7,Y)scer + Ole, \?),
—imi 1-22 z z

(3.10)
where the O(\?) correction comes from the fact that 1 — 2 in Eq. (3.10) is bounded
by A%2. The total correction to threshold resummation can therefore be estimated
as max(e, \?). However, since € decreases with increasing A\?, the total correction is
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minimized if we choose ¢ = A?. The corrections are then O(A?). This also allows us
to define A\? through the relation

)\2_ ream 4z [ (VI || (VEe ) (3.11)
Jedz 11 (2 [ (V2o )]
where A = A\?(7,Y). We can also define A\? for a single pdf

O]
Jioxedz [ (2)]

where here A\ = A\?(z). This definition will be useful for determining if endpoint
Altarelli-Parisi functions are valid when evolving the pdfs.

(3.12)

T
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Figure 3.1: Left: The parameter ¢, defined in Eq. (3.9), illustrated as the ratio of
two areas. Right: For power corrections that go as max(e, A?), there is a choice of

A% = A2 such that the corrections are minimized. This choice, called A\? in the text,
is defined in Egs. (3.11) and (3.12).

We illustrate our definitions in Figure 3.1, with a simple example function f(x).
The graphic on the left shows € as the ratio of two areas: the region D, where 1—2z < \?
and the region N, where 1 — z > A2, For N < D and \? < 1, we see that the area
under the curve is dominated by a region where 1 — z < 1. The right graphic shows
that Eq. (3.12) has a solution where power corrections are minimized, labelled A2 .

Independent of the form of the pdfs, we can see that A2, goes to 0 as 7 (or x)
goes to 1, as expected. First, note that 7 — 1 forces Y — 0, which sets the lower
bound of the integral in the numerator of Eq. (3.9) to 7. Next, we can examine the
limits on A2, As A? goes to 0, € goes to oo (here we’ve assumed that the pdf implicitly
contains a © function that sets it to 0 if the argument is greater than 1 or less than
0). Similarly, as A\* goes to 1 — 7, € goes to 0. Therefore, the crossover point, where
€ = \?, is between 0 and 1 — 7, which means A2 ,; — 0 as 7 — 1. For the remainder
of this section, we will omit the subscript final on A2
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Note that these definitions do not assume anything about the form of the pdfs
and are therefore completely model independent. Given that pdfs are not observable
quantities, many pdf sets do not constrain them to be positive. For this reason, we
have used absolute values of the pdfs in our definition. Of course, the value of A2
depends on the functional form of the pdfs, but this can be determined numerically
using any of the available pdf sets. We will present the numerical results for the
power counting parameter A\? in Section 3.5.

We end this section by showing the behavior of A? for a particularly simple form of
the pdfs. This will illustrate our proposal with an analytic example and should con-
vince the reader that corrections to threshold resummation behave as expected. The
assumed form of the pdfs does not represent their observed shape and is only chosen
so that the analytic results can be easily studied. All numerical results presented in
Section 3.5 will use the measured pdfs.

Consider the simple model

filz) =a % (3.13)
where the pdf becomes steeper as a increases. Given this form, Eq. (3.11) becomes

(1 _ )\2)1+(a1+a2)/2 _ (T6—2|Y|)1+(a1+a2)/2

A= 1— (1 — \2)Lt(araz)/2 (3.14)

To simplify this equation, we define
r=AN,  with Az1+“1";“2. (3.15)

The equation can then be written as
(1 + %) (1 - %)A = % + (re 2YIYA, (3.16)

We can clearly see that » — 0 in the hadronic endpoint 7 — 1 (for which Y — 0),
independent of the value of the parameter A. However, for large values of A, and
therefore steep pdfs, we can use the approximations 1+7/4 ~ 1 and (1—r/A)* ~ e™"
to find

r=W(A), (3.17)

where W(A) denotes the product logarithm of A. Since the W (A) only grows loga-
rithmically with A, we find the desired result that A> — 0 as A — oo.

3.3 General Power Corrections

It is instructive to understand the power corrections and scaling of various test
functions integrated against a steep distribution, f(z), where steep is defined as

fl_’\2 dz f(2)

Zmin

__ )2
S dz f(2) —r<th (3.18)
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We define all scaling relative to f117 \2 4z f(2), which can be taken to be O(1) without
loss of generality.

The simplest choice for a test function is a non-singular polynomial of z, g(z). In
general, we can express g as a Taylor series about z =1,

ig

n=0

’I’L

(z—1) (3.19)

where we assume all g™ (1) are O(1). We can evaluate the integral of f(z)g(z) by
dividing the integration region into two parts,

/ A2 f(2)g(=) = / 7)) + /szZf(Z)g(Z)- (3.20)

In the region 2y, < 2z < 1 — A2, the integral is O()\?), since f(z) and f(z2)g(z) are of
the same order and the integral of f(z) over this region is O(A?). For 1 —\? < z < 1,

/1; dz f(z Z

(n) 1
Nzg (1) /I_Azdzf(z)x()?)n. (3.21)

n!
n=0

g(n)

/ dz f(2)( — 1)

In this region, the integral is dominated by the zeroth order term in the power ex-
pansion. Therefore, we can write the integral of g(z) against the distribution f(z)
as . .
/ dz f(2)g(z) = g(1>/1 LA F(2)+00%). (3.22)
A second possible test function is a d-function at z = 1. The integral is trivially
f(1), but we would like to know the scaling of this result. Assuming f is monotonically
increasing from 2, to 1,

/1;2 dz f(2) < f(1) x A2 (3.23)

Since this integral is O(1), we can say that f(1) is O(A72).
The last class of test functions we will consider is log" (1 —2)/(1—z) plus functions,
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multiplied by a non-singular function g(z). When integrated against f(z), this gives

/ ;ndzf(z)g(z) ()

B Y LU AFNY RS
L[ e o L2006 L00)
+ /Zm: dz log"(1 — z)% + f(l)g(l)%. (3.24)

Since f(z) is at most O(\?) over the interval zp;, < 2 < 1 — A%, the second term is
clearly power suppressed relative to the final term. Focusing on the first term, if we
express g as a Taylor series about z = 1, we see that the zeroth order term is again
dominant. This gives

[ s (P0) —om [ ape () o0,

—\2 1
(3.25)
Note that Eq. (3.24) shows that the scaling of this integral is O(A~21log"*! A?) and
therefore, for small A2, threshold effects are important.

The Altarelli-Parisi (AP) kernels, P;;(z), are polynomial functions of z for i # j
and a combination of J-functions and plus functions for ¢ = j. This means that for
steep pdfs (assuming all A? are small), the P,; for i # j are suppressed in A\* compared
to Pj;. Moreover, any polynomial functions of z in P;;(z) can be evaluated at z = 1, up
to power corrections in A2. The result is endpoint AP kernels, given at NLL accuracy

by

Zmin

O p oy o 1 S s
ng<z)_{2rcuspfri (1_Z)++%5(1 z)} 5. (3.26)

3.4 Consistency of Threshold Resummation

As discussed in Chapter 2 threshold resummation can be derived using effective
field theory methods. Using SCET, and assuming 1 — z ~ A? < 1 as well as do =
f®f®da, one can derive a factorization theorem for a generic differential cross section.
One check of this factorization theorem is consistency, which is the p independence
of the factorized result. In Chapter 2 we showed the consistency of our factorization
theorem using the partonic definition of the pdfs f;(x; u) = 0(1 — x). Since we have
just shown that away from the true hadronic endpoint it is the functional form of the
pdfs that defines the expansion parameter A\, we wish to repeat this proof using the
full functional form, subject only to the constraint of large steepness (or small \).
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We start from the derivative with respect to In p of the factorized differential cross
section derived in Chapter 2, together with the anomalous dimensions for the hard, jet,
and soft functions, given in the same reference. Using the result of Section 3.3 for the

Altarelli-Parisi splitting kernel, and performing trivial integrations and cancellation,
we find

do
dlInp

OC/del(\/;ey)fz(\/;ey)

w1 W9
T?In—+4+T2ln——=
1 \/E 2 \/g

+ZT T, 111 + > T2ln—

(4,3) i€{jets}

+T§</1 dwlfl(\/;j) !

fily/TeY) (1 —wi)y
[ kO 1)

2 (
vl fi(V/TeY) fa(VTeTY) (1 —2),

()
+T2</ e T

[ A (VEZE) o (VZe™) 1
/Te|2Y| fi(\/TeY) fo (VTeY) (1_z)+>]- (3.27)

The first line in Eq. (3.27) can be shown to vanish using the identity

YT, m e = T21n— (3.28)

i€{partons}

The first term in the second line can be made identical to the second term through
the substitution Y/ =Y — %log wr, followed by the relabeling Y/ — Y. Thus these
two terms cancel, and using a similar substitution Y/ =Y + %log wy, with the same
relabeling, the third line vanishes as well. Thus, we find

do
dnp

=0+ 0\, (3.29)

and therefore consistency of the factorization formula. Note that in both cases Y’ =
Y + O(M\?), which means we can be differential in Y, up to power corrections in A2,
and still have consistency.
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3.5 Numerical Results for )\?

Now that we have defined a measure of steepness, it is a simple matter to deter-
mine numerically what A? is for the physical pdfs and parton luminosities. In this
section, we will give our results and discuss their implications for the relevance of
threshold resummation. As discussed above, the expansion parameter for threshold
resummation is given by A2, and we make the assumption that this expansion be-
comes reliable for \? < 0.25. Note that while this value is chosen somewhat ad-hoc,
it serves to assess the importance of threshold resummation.
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Figure 3.2: The value of A\? for single pdfs as a function of z, as defined in Eq. (3.12).

There are two different types of objects for which steepness is a necessary in-
gredient of our factorization theorem. The first is individual pdfs, where \? < 1
allows us to use endpoint AP kernels in determining the consistency of our factor-
ization theorem. The second is parton luminosities, in the form of two pdfs which
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Figure 3.3: The value of A\? for a selection of parton luminosities as a function of 7,

as defined in Eq. (3.11).
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are convolved in Y and z. Since it is possible to be differential in Y up to power
corrections in A\? (see Section 3.4), we will focus on the case where Y is fixed and
z is the only convolution variable. We will present plots using the CTEQ6.6 [100],
MSTW2008NLO [96] and NNPDF2.0 [16] pdf sets, with a default renormalization
scale of 1 TeV. To study the uncertainties in our predictions for A, we use the 100
replica set provided by NNPDF2.0. The central value is given by the median of the
results, while the error bars show the range where 68% of the points lie, with equal
number of points on either side of the median.

In Figure 3.2 we present the value of A\? for a single pdfs as a function of z, as
defined in Eq. (3.12), which characterizes how important the non-singular terms in
the AP evolution kernels are. In each plot we show the result for CTEQ, MSTW
and NNPDF sets, with errors presented for the NNPDF set. One clearly sees that
the value of \? is decreasing as * — 1, as expected, and that \? is small not only in
the region where 1 — x < 1 but for smaller values of x as well. Irrespective of the
type of parton, the value of A becomes smaller than 0.25 for z > 0.3, implying that
in that region the singular AP evolution kernel becomes a reasonable approximation
to QCD, even though 1 — 2 = O(1). The feature in the sea-quark distributions for
x ~ 0.5 is due to the steepness falling off in the measured pdfs, giving a rising value of
A2, which then gets forced to zero due to x approaching 1. In the lower right plot of
Figure 3.2, we illustrate the dependence of steepness on the renormalization scale of
the pdfs. Between 100 GeV and 10 TeV, there is at most an O(5%) variation, while
for most values of x the variation is O(1%). In this plot, we only present the results
for the down quark, however, the effect is similar (O(1 — 5%)) for all other pdfs.

Next, we study the value of A% as obtained from the convolution of two pdfs, as
defined in Eq. (3.11). The results are shown in Figure 3.3 for Y = 0. While the
distributions in general do not peak exactly at Y = 0, the peak is sufficiently close
to this value for these plots to illustrate the observed behavior. Again we show the
result for CTEQ, MSTW and NNPDF sets, with errors presented for the NNPDF
set. The value of A\? becomes less that 0.25 for 7 > 0.05 — 0.1. This implies that
threshold resummation is not limited to the region where 1 — 7 < 1, however, for
most values of phenomenological interest, the power corrections are potentially large.
In the lower right hand side of Figure 3.3 we show the variation of steepness with Y,
presented as a function of Y.x = —(1/2) In7. While this variation is considerable,
one should keep in mind that the majority of the phase space is close to Y = 0. The
variation of \? with renormalization scale is not shown for the parton luminosities,
but is similar to the result for the single pdfs.
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Chapter 4

A Subtraction Method for Soft
Function Calculations

4.1 Introduction

In this section, we present a method to calculate the soft function in soft-collinear
effective theory to NLO for N-jet events, defined with respect to arbitrarily com-
plicated observables and algorithms, using a subtraction-based method. We show
that at one loop the singularity structure of most observable/algorithm combinations
can be classified as one of two types. Type I jets include jets defined with inclusive
algorithms for which a jet shape is measured. Type II jets include jets found with
exclusive algorithms, as well as jets for which only the direction and energy are mea-
sured. Cross sections that are inclusive over a certain region of phase space, such
as the forward region at a hadron collider, are examples of Type II jets. We show
that for a large class of measurements the required subtractions are already known
analytically, including traditional jet shape measurements at hadron colliders.

The first step in resummation in SCET is to factorize an N-jet cross section into
hard, jet, and soft functions

dUN ~ BNHNX[J]n®SN. (41)

Here By denotes the Born-level cross section in full QCD, H,, reproduces the virtual
corrections of full QCD, while the J’s and S,, together encode real emission diagrams
in the collinear and soft limits. There is one jet function for each jet in the final state,
and both the jet and soft functions depend on the algorithm used to define the jets, as
well as the observables measured. Note that Equation (4.1) must be modified in the
case of hadron collisions, since there will also be PDFs and, for some measurements,
beam functions [113]. At tree level, the hard, jet, and soft functions are trivial, but
each has to be calculated order by order in perturbation theory.

The simplest jet definition involves exactly two jets, each consisting of all particles
in one of the two hemispheres defined by a plane perpendicular to the thrust axis, and
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is typically only used in ete™ collisions. In this case resummation has been achieved
at NNNLL [36].

For more complicated jet definitions, however, the required calculations are more
involved, and in many cases we do not know the NLO results for the jet and soft
functions. One counter example is cone or inclusive kp-type algorithms in ete™
collisions, where the distance measure is the angle 6 of each particle with respect to
the jet axis, and the total energy outside of the jets is less than A. For this example,
the jet and soft functions are known to O(ay) [66].

Unlike for ete™, jet definitions at hadron colliders are usually required to be
boost invariant. As a result, distance is usually measured in 7-¢ space, where 1 and
¢ are defined with respect to the beam axis, and there is a restriction on the total
|pr| outside of jets, rather than energy. The absence of results for more complicated
phase space configurations has been one of the biggest hurdles in deriving more precise
predictions for jet cross sections at hadron colliders. The solution to this problem is
the topic of the current section.

4.2 Notation and Definitions

4.2.1 The Soft Function in SCET
A soft function in SCET takes the general form

S(A; M;oq,...0,) = <O D)S OS(A;M;Jl,...an)yH O> ) (4.2)

Here ), denotes a set of soft Wilson lines, which arise in SCET from the BPS field
redefinition [30] that decouples the interactions of collinear and soft degrees of free-
dom. The function O, denotes an operator insertion, which determines how a given
soft, particle contributes to the observables ;. This operator depends on the details of
the jet algorithm A, which assigns soft particles to a given jet, and on the definition
of the measurement M. Note that the soft function at tree level is completely trivial,

SOAM;01,...00) =0(01)...0(0,), (4.3)

such that it is independent of the algorithm and the details of the measurement. At
higher orders, the jet algorithm introduces highly non-trivial dependence on the final
state momentum, even at one loop.

Soft functions in SCET are most conveniently calculated in pure dimensional regu-
larization. Since no additional scales are introduced into the problem, all expressions
that do not contain external scales vanish identically. This implies that all purely
virtual diagrams at higher loop order vanish exactly, and only diagrams that include
real emissions need to be considered. The momentum of the real emission is called ¢
in the following.
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We will restrict ourselves to shape-type observables, where o; is a smooth function
of the particles’ momenta assigned to jet .. We will only be concerned with observables
that are defined to be positive semi-definite and such that o; — 0 in both the soft and
collinear limits. We also ignore power correction that vanish as o; — 0. At one-loop,
this allows us to write

N
O AsMi01,...00) =Y Ok(q) Abilgson, .. 0n). (4.4)
k=0

Here ©(q) restricts the momenta ¢ to be part of jet ¢ and ©9(q) restricts ¢ to be
outside of all jets (while also including any out-of-jet veto such as an energy or pr
cutoff). The function A . (g; 01, ...0,) measures an observable in jet k, while setting
the observables in the other jets to zero

AF (qo1,...00) =6 (o — ok(q)) H d(oy) . (4.5)

Note that for a jet where no jet shape is measured, AF_ =[], (o).
Putting this information together, the soft function at one-loop can therefore be
written as

d4- 1
SV(A; Moy, ... 0, ZZ/ ) le Nij(@)Ok (@A (qi o1, .. 00), (4.6)

where N;; is defined as
;- TLj

Nyj(g) = —g22 T, T,
(@) T

(4.7)
where n; = (1,n;) are the jet directions and T; are the color charges of the jets (in
the notation of Ref. [47]). In Equation (4.6), for each jet we sum over all pairs of soft
emission sources ¢ and j, which includes the jets and, in the case of hadron collisions,
the beams.

We can define moments of the soft function with respect to the o} as

(ot H/ ma;"l (Umax>n S (A M {on}) | (4.8)

where o'** is the maximum allowed value for the observable 0. Note that we are
suppressing the dependence of the moments on the algorithm and measurement. At
one loop, the moments of the soft function are given by

dd 1
Uk Z/ 27T d— 12E U( )II?<'A7M7Q>7 (49)
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where 7} is defined as
I°(A: M; q) = + > 0k )<op™)+ Y kg, (4.10)
ke{meab} k¢{meas}

for the zeroth moment and

T3 fmeasy (A Mi @) = ©4(0) (01 (q) /o) O(on(q) < o) ,
I:g{(l)meas}(A; M; Q) =0, (411)

for the higher moments. Here we have omitted the subscript on the zeroth moment,

since there is only one for all k. The label “k € {meas}” refers to the set of jets where

a shape has been measured and “k ¢ {meas}” refers to the set of unmeasured jets.
The soft function defined in Equation (4.6) is a distribution in the various oy,

which can be written in terms a delta function §(oy) and the distributions

L, (or /o), where

L () = [w] L (4.12)

X

where the ‘+’ function is defined as distribution that, when integrated against smooth
test functions f(z), gives

/ [W] flz) = / ww(m) —60(a <0)f(0)]. (4.13)

It is straightforward to show that at one loop the soft function can be written in
terms of its moments as

SO (A;M;oy,...0,) =(0") H d (o%) (4.14)
+ X [atod) = o) APy (2 ) TTo o
k k 1#k
+ 3 fatot) — 208) W g, (2 ot
k k £k

As mentioned above, we are assuming the is soft and collinear limits give o, — 0 and
we are dropping power corrections that vanish in this limit.

We finish this section with an example of jet algorithm and jet measurement. For
a cone algorithm of size R at an e™e™ collider, where the out-of-jet energy is restricted
to be less than A, we have

@fone( ) =0 (M < tan g) ) @(?one <1 - Z®cone ) E < A) :

ng-q
(4.15)
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SCET is applicable only for exclusive N-jet cross-sections. This means that there
must be a veto on out-of-jet soft radiation, which can be for example an energy or a
pr cut. All such vetoes can be formulated as a direction-dependent restriction on the
out-of-jet energy. That is,

©%(q) = (1 - i @Z(Q)> 0(E, < E™()) . (4.16)

One set of jet measurements which satisfies the criteria mentioned above are the
angularities [39], which are parametrized by a continuous, real parameter a. When
restricted to jets, multiple conventions can be used for the definition (cf. Refs. [5],
[66]). We take the convention of Ref. [66], which gives that the contribution from a
single emission of momentum ¢ is

1 —a = a
Ta(q) = — (k- @)~ (ny, - )7, (4.17)
Wk
where wy, is an arbitrary normalization (with units of energy). We restrict a < 2 for
infrared safety. We will find that angularities form a basis for a very wide class of

phenomenologically relevant observables.

4.2.2 The Classification of Jets: Type I vs. Type II

We can think of a jet algorithm A as defining a region Ry (A; E,) in 6-¢ space,
such that a particle with energy E, and €, € Ry(A, E,) belongs to jet k. Similarly,
a measurement M defines a region Ry(M,o; E,) in 0-¢ space, for which a particle
with energy E, and Q, € Ry(M, 0; E,) gives a value of the observable o}, satisfying
o < O.

As an example, for a cone algorithm of size R

Ry (cone; E,) = {0,x < R}, (4.18)

where 6, is the angle of ¢ with respect to the direction of jet £ and the quantity in
braces on the right-hand side refers to the set of all points points in 6-¢ space that
lie within an angle R of the axis of jet k. For the jet thrust observable (thrust 7" is
related to the a = 0 angularity discussed above via 7 = 1 — T'), we have

Ry (thrust,o; E,) = {9%;g < arccos (1 - w;ja)} : (4.19)

q

In this work, we will consider two broad classes of jets, which we label as Type I
and Type II. They are defined as:

Typel: lim Ry(M,o;E,) C lim Ry(AE,) Vo, (4.20a)
— Eq—o0 Eq—o0
Type Il lim Ry(A; E,) C lim Ry(M,0;E,) Vo. (4.20Db)

E4—o0 E;—o0
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Jets where no observable is measured are clearly included in Type II.
In terms of the notation introduced in Section 4.2.1, for Type I jets we have, by
definition,

lim ©%(q)0(or(q) < o) = lim 0(ok(q) < o), (4.21)

Eq—o0 Eq—o00
while for Type II jets

lim ©%(q)0(or(q) < o) = lim O%(q). (4.22)

Eq—o0 Eq—o00

It is important to note that this definition implies that for Type I jets the divergent
part of the one loop contribution, and therefore the anomalous dimension, is inde-
pendent of the jet algorithm. Conversely, for Type II jets, the anomalous dimension
is independent of the observable. For these jets, the divergent part of the one loop
contribution is proportional to §(oy), which means the higher moments are finite.

While it may seem that these two classes are restrictive, in reality they include
many if not most of the phenomenologically relevant observable/algorithm combina-
tions.

4.2.3 Soft Functions via Subtractions

The goal of this section is to express an unknown (target) soft function in terms
of a known (subtraction) soft function and a numerically calculable difference. As
discussed earlier, a general soft function is most easily expressed in terms of its mo-
ments. If two soft functions agree on which jets are measured and on o;'** for each
jet, we can write

D (A Mo, ... o) =SV (,Z,M;al,...an) (4.23)
& 1
+ D6 (o) + > [4D; — D] e ( max) JJRIGD)
k k=1 k Tk I£k
+ 3 (40t - 20l) et (2 ) [T (e
k=1 Tk Tk I#k

Here D} is defined as the difference of two moments
D = (o}) — (o]) Z/ o) 32E )[ FAMq) = T (A M q) |, (4.24)

where the limit d = 4 has been taken.
The result in Equation (4.23) describes an ideal subtraction. However, it may be
possible to take a known result and convert to a suitable form. The first possible issue
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is that the subtraction and the target disagree as to which jets are measured. Since
we need the subtraction to have the same number of observables as the target, the
subtraction must be modified. For jets that are measured in the target and not the
subtraction, we can simply multiply by a delta function, such that the subtraction is
now a function of these variables. For jets that are measured in the subtraction and
not the target, we need to somehow remove the extra variables from the subtraction.
The simplest way to do this is to integrate the offending variables from 0 to o™**.

The second possible issue is that, for one or more jets, the target and subtraction
both measure the jet, but disagree as to ¢™**. In this case, the two soft functions
have different regions of support and we cannot write the target in terms of the
subtraction and maintain the form in Equation (4.14). In order to solve this problem,
we can remove the dependence of the subtraction on ™ by removing the (1/0), and
(logo /o), terms. To accomplish this goal, we can integrate over ¢ in the subtraction
from 0 to ™, then multiply by d(c). While the two functions will still have different
regions of support, the form of Equation (4.14) is achieved due to the fact that the
subtraction is now simply proportional to §(o).

We can make this procedure somewhat more formal by defining {meas} to be the
set of measured jets for the target and {meas} for the subtraction. The modified

subtraction, 5&@(@ Mo ... on), is then given by

gnew(A M o1 . H (5(0}) H / dO’J H (5 O'k
ze{meas}\{rﬁ—éﬁs} je{meas}\{meas} |oprax£gmax

~max

X / do, SO(A; M;oy...0m).  (4.25)
0

Here, {meas} \ {meas} is the relative complement of {meas} in {meas}, i.e. all jets
measured in the target that are not measured in the subtraction. The sum over k is
over all jets were o™ # o®*. The target is now found using Equation (4.23), with

SU, in place of S

4.3 The Divergent Structure of Soft Functions

The moments defined in Equation (4.9) have three types of divergences, arising
from singularities in the one-loop integrand N;;(¢) defined in Equation (4.7)

1. Collinear divergence: n; - n, — 0 or n; - ny — 0 (where n¥ = ¢*/E, = (1,n,) is
the direction of ¢)

2. Soft divergence: E, — 0

3. UV divergence: E, — 0o
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In order for the difference of two soft functions to be calculable numerically, we need to
show that the difference between two moments in Equation (4.24) are finite in d = 4.
This is most easily done by showing that the different Z}'(A; M;q) — I}j(ﬂ; M: q)
multiplying NN;;(¢) vanishes in all three of the divergent limits.
In the soft limit, where E, — 0, infrared safety dictates that o;(¢) — 0. This
implies that all higher moments (and therefore their differences) vanish
lim Z;7°(A; M;q) = 0. (4.26)
E;—0
For the zeroth moment, we can use that for both algorithms the restriction from the
observables, as well as out-of-jet restriction becomes trivial

bl;glo@(ak(q) <1)=1

s cut .
bl;gloe(Eq < E(Q,)) =1. (4.27)

Using Equation (4.16), this allows to write

im Z°(A; M; q) — Z0(A; M; k)

1
- { o0 —o30] + e - et |

= lim, { 1-Yek@] - [1-Yekw] + Y [0k - 64w }

k k k
=0.

In the collinear limit, when n;-n, — 0, IR safety once again tells us that ;(¢) — 0,
which immediately implies

lim Z;7°(A; M;q) =0. (4.28)
ni-ng—0
In addition, for fixed F,, any IR-safe algorithm will assign the emission to jet 7 in this
limit, such that ©% — ;. Thus, in this limit the difference between zeroth moments
becomes

lim Z9(A; M; k) — T°(A; M; k) = lm ; [@k _ (Sik] — 0 (4.29)

ni-ng—0

The UV limit, in which E, — oo, requires a more careful analysis. As the energy
of the gluon goes to infinity, any out-of-jet cut will veto the emission, which means we
only need to consider radiation in the jets. In this work, we will only consider Type
I and Type II jets. Since these two jet types have a different behavior as E, — oo, it
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should clear that the difference between two soft functions can never be UV finite if
there is disagreement over which jets are Type I versus Type II. Therefore, we assume
that both agree on which jets are Type I and Type II.

Using Equations (4.21) and (4.22), we can write for the zeroth moment

EELnOOIO(A M:q) — T°(A; M; q) Elqliﬂoo { > [9 or(q —0(ok(q) <1)

+ [@,’Z(Q) -0 E(q)] } , (4.30)

while for higher moments we find

i L T (A Miq) = lim [o3(q) O(ow(q) < 1) = 5(q) 0Gk(a) < 1)), (4.31)

q*)OO

for Type I jets and
A L T (A M g) = Tim[07(¢)0() — 55 ()0 (0)] (4.32)

Eq—o00 A
for Type II jets.
In order to have finite expressions in the UV, we need the limits in Equations (4.30),
(4.31) and (4.32) to be vanishing. This implies that Type I jets must satisfy

lim R(M,o; E,) = lim R(M, o E,) Vo. (4.33)
Eq—o0 Eq—o0
Note that this must be true for all o so that Equation (4.31) goes to 0, as well as for
our formalism to be independent of normalization. For Type II, the requirement for
the second half of Equation (4.30) to cancel is

lim R(A; E,) = lim R(A; E ) - (4.34)
Eq—o00 Eq—o0
Since the anomalous dimension for Type II jets is independent of the observable,
at one loop the divergent pieces must be proportional to d(o;). Therefore, Equa-
tion (4.32) is finite.

In summary, the differences between moments of the soft function contain no soft
or collinear divergences as long as both the jet algorithm and the jet measurement
are infrared safe. This fact can be seen as a consequence of the fact that, for IR safe
algorithms and measurements, the (scaleless) virtual diagrams should convert the IR
divergences in the real emission diagrams to UV divergences, and since the virtual
diagrams are universal, any divergence in the difference between two soft functions
must be of UV origin. However, we have also seen that the UV divergences are the
same for all soft functions that have the same classes of jets, since the measurement
regions become equal for Type I jets and the algorithm regions become equal for Type
IT in the limit £, — oo.
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Figure 4.1: The regions of integration over q when ¢ is restricted both to be within
an inclusive-type jet (cone or inclusive kr, anti-kr, or CA) of size R (or R') and to
have a measurement o, < 1 when o, = 7 (angularity) as a function of @ in both the
(a) ¢t — ¢~ and (b) E, — 6 planes. Regardless of the choice of R, the measurement
restriction is dominant in the UV (that is, in the limit (a) ¢* — oo or (b) E, — oo,
6, — 0 ). Also, all measurements that correspond to a smooth, monotonic curve in
these planes will asymptote to an angularity curve for some a (and some choice of
wy) in the UV. For measurements that depend on this azimuthal angle ¢ about the
jet axis, the above is true for each value of ¢.
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4.4 Subtractions for Inclusive Algorithms
and Azimuthally-symmetric Shapes

While the discussion so far has been rather general, there is an important special
case we will discuss now, which will serve to illustrate our method. For inclusive
algorithms (e.g. anti-k7) and measurements whose minimum is when all particles in
the jet are collinear (e.g. jet thrust), the calculations in [66] can be used to construct
a subtraction. In [66] the soft function was calculated for an arbitrary number of soft
Wilson lines under the following conditions:

e The jet algorithm is a cone or inclusive kp-type algorithm, where the distance
measure is the angle 0-¢ space

e The total energy outside of all jets is less than A

e For each jet one measures either the angularity of all particles in the jet, or the
jet remains unmeasured

In other words, the jet algorithm in the soft sector satisfies

@fone(Q) =0 (M < tan2§> 5 @(?one<q) = (1 - Z ®ckone(q)> Q(Eq < A)7
k=1

ng-q
(4.35)
while the jet can either be unmeasured or the measurement is
a 1 —a = a E a
or =18 = —(ng - @) (g, - )V = L18(9,) . (4.36)
Wk Wk

One important simplification of a cone or inclusive kpr-type jet algorithms is that
at one loop, in the soft region, these algorithms only depend on the angle between
the soft gluon and the jet axis, and not on the energy of this gluon

Ok(g) = 0L(Q,). (4.37)
Assuming the same is true for the target algorithm, we can perform the integral
over the gluon energy analytically. Note that Equation (4.37) implies that the region
R(A; E) does not change in the £ — oo limit. Therefore Type II jets only consist
of unmeasured jets, since R(M,o; E) goes to 0 in this limit. Furthermore, for the
difference between the target and the subtraction to be finite, R(A; E) = R(A; E) in
the limit £ — oo for Type II jets (see Section 4.3). Since we are assuming R(A; E)
does not change in this limit, we know that for all Type II jets, the algorithm must
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be identical. This allows us to write

0| Gy | dEi{ 650 - 00,0

q

o [ (1<) -eiwini (1< )]

dQ dE, E”
E wk

n>0
DkeI -

o1 (0,)0k (Q,)0 (Eq < &>

— [r(Q)]" Ok . (2,)6 (Eq < ﬁ)

D20 =0 (4.38)

where the form of the target observables, o4 (q) = f—Zak(Qq), is dictated by IR safety,
with w, as an external normalization scale that makes o, dimensionless. Here we
have assumed that all o} are unbounded, which is typical for Type I jets, such that
o™ =1 and the functions (o), < a,‘j‘ax) are dropped. Since the normalization for
angularities is arbitrary, we have set it to be the same as the normalization for the
target observables.

After performing the integral over the gluon energy, we can show

>/ %Nm‘@q){ 1- Yo eh@)|1
(,3) k

D 1
k€>IO - Z/ [@JIZ(QQ> - @fone(Qq)]
Dizh =0, (429

Note that for jet algorithms that do not have an out-of-jet region, the cut on the
out-of-jet energy is of course not defined. However, in this case we have

[1 - Z @JIZ(QQ

such that the above equation is in fact independent of this out-of-jet energy cut.

—0 (4.40)
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Using Equation (4.39), we can write Equation (4.23) as

SW (A, M;oy,...0,) =S (cone,ang; o1, ... 0p) + DOH(S(Jk)

+ Y DiLo(on) [[d(a), (4.41)

ke{meas} I#k

where DY and D} are given by Equation (4.39) and S® (cone, ang; o1, ...0,) can
be found in [66]. This subtraction can be applied to inclusive algorithms, where
O©%(q) = ©%(Q,), and observables that are azimuthally symmetric about the jet and
have the property

lim R(M,0;E,) = {0, < (a%)a} (4.42)

Eq—o0 q

where 0 < a < 1. Unmeasured Type II jets that are cone or kp-type can also be
easily included.

We should briefly discuss the numerical implementation of Equation (4.41). While
the required integrals are two dimensional, they are well-bounded integrals over the
full solid angle. In addition, these integrals contain no singularities, and can generally
be binned uniformly in cos 6, and ¢,. We have found good performance and excellent
convergence using these methods.

4.5 Two Simple Examples

4.5.1 Typel

As an example of the subtraction in Section 4.4, we will consider an example
where result and the moments D° and D; are known analytically. Specifically, we will
reproduce the hemisphere soft function, using the soft function of [66] as a subtraction.
This will give us a chance to demonstrate our method without resorting to numerical
comparisons.

The hemisphere soft function has two collinear directions, given by n;, = n and
n; = n. In this section, for simplicity, we will use 7° = 1 — T as the target observable,

n-q

on(q) = . (4.43)
n-q

Uﬁ(Q) = o

where the w; are normalization scales, typically some multiple of the jet energy. The
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hemisphere algorithm has the form

®hemi = e(nq < ﬁq) (444>
6)}?emi - e(ﬁq < TLQ>
8}(1)em1 =0

Following Section 4.4, we construct our subtraction using the soft function in [66].
For two collinear directions, T,,- Ty = -T2 = -T2 = —CF and, since n; = n = n;,
1/t?; = 0. This leads to

S (cone, thrust; o, o) =

1 4 2 1 2 1 2
(5(0n)(5(0n)<6—2+—610g K +7T———10g2'u—+—log2u—

We now need to calculate D°, D} and D} in order to construct S(hemi, thurst).
Using Equation (4.39), we find

P =20 /1 dcos 6 o (@(COS@ > 0) — O(cosf > cos R)) log ——n
T 1 —cos?6 gA(l—cos@)
+ (O(cos6 < 0) — Bfcosd < —cos B) ) log | (4.46)
cos cos cos og + 1+ cosd) :
pl = %0 /1 dcos 6 ;<@(cose > () — O(cosf > cos R)) (4.47)
L 1 — cos?d '

o

1
1
1 _ Qs _ _
D; = - CF/ dcos 6 Ty (@(008«9 < 0) — O(cosf < —cos R)) , (4.48)

-1

where 6 is defined with respect to the n direction and we have done the trivial ¢
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integration. After integrating over 6, we get

Qg ™ 1 4A? R 1 4A? R
D° = ?CF (E + 3 log 7 log tan? 3 + 3 log ) log tan® 3
R R
+ log? tan® 3+ 2L, [— tan ED (4.49)
s R
D} =Dl = —%CF log tan? 7 (4.50)

Combining this with Equations (4.41) and (4.45), we arrive at the hemisphere soft
function

SW(hemi, thrust; o, o) = (4.51)
Qs 1 1 5 LR DY A ST L

— —CFpl|o(on)d(on)| =+ =1 — — + —log” — + - log” —
r <U)(U><€2+26 ng%w% 12—i_él()g w%+40g w2

o (5, (-4 -wuf) 2o (52),
raod (), (+ ety a0 (252) .

This matches the known result in the literature [71], as well as Equation (4.45) in the
limit tan? % — 1, where each cone occupies an entire hemisphere.

4.5.2 Type II

While the discussion of Section 4.4 and Section 4.5.1 has focused on Type I jets,
we would like to give an example of subtractions involving Type II jets. We can define
an algorithm in which particles are merged if the pairwise measure d;; is less than a
fixed cut yeut, where d;; is defined as

dij = %min{Ei, E;}(1 —cosb;;) . (4.52)
Here () is a high scale energy used as normalization, typically the center of mass
energy. We require Qyey; < Eget for all 7, such that two distinct jets are not merged.
This is similar to the original “exclusive ky” algorithm [46], except that the energies
in Equation (4.52) are raised to a single power instead of squared. This is done
because factorization of exclusive kr is problematic in SCET; and therefore outside
the scope of this paper. For the rest of this work, we will refer to the algorithm in
Equation (4.52) using the label excl, as an example of a generic exclusive algorithm.
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As in Section 4.5.1, we will look at the case of two back-to-back jets, with n; =
n; = n. For out-of-jet radiation, we will employ an energy cut A on gluons not
assigned to a jet. If there is no observable, the soft function is given by

dd
L Non(9)276(¢%) |0(n-q < Quews)0(n-q < -q)

(@2n)?

+0(72-q < Quewt)0(n-q < n-q)
+0(E, < Nf(n-q > Qyeut)0(n-q > chut)] ) (4.53)

S (excl, unmeasured) :2/

where we have expanded Equation (4.52) in the soft limit to get the restriction 0(nq <
QYeut)- This integral can be done analytically, with the result

1 1 2 1 2
) 1 __ % S | T 21 2 M
S (excl, unmeasured) - Cr = + clog =5 PR + 5 108" 72 7
? QYeut QYeut
O(A > Qe <——1 e U | R
+O(A > Qyeu) (- —log” ¢ 2= (4.54)

For angularities with a < 0, the algorithm in Equation (4.52) leads to Type II
jets. In this case, the soft function is given by

%Nm@)m(q% (455)
X |6(n-q < Que)b(n-q < 7-0)8(0 — 74" (4))d(0)
+0(2-q < QYeut)0(n-q < n-q)0(07 — 757 (q))0 ()

+0(E, < N800 > Queat)0(M-q > Quiewt)5(0)5(07) | -

S (excl, ang; 0, 07 ) :2/

In order to use Equation (4.54) as a subtraction for Equation (4.55), we need to multi-
ply Equation (4.54) by 6(,,)d(05), such that both are functions of o,, and o. This is
an example of the procedure discussed in Section 4.2.3. After this is done, we can see
that the zeroth moments of Sr(lgv(excl, unmeasured; 0,,, o) and SM (excl, ang; 0, 7)
are equal, and is D = 0. Given this exact cancellation, the higher moments, D};>?,
are independent of Slgg,v(excl, unmeasured; 0, 05 ), such that they trivially reproduce
the higher moments of S (excl, ang; 0,,, o). One might worry that these higher mo-
ments are divergent and could not be calculated numerically; however, since these are
Type II jets, all higher moments are finite. The analytical calculation, which is pos-
sible for Equation (4.55), agrees with numerical calculations of the higher moments.
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Chapter 5

Notes on Azimuthally Asymmetric
Observables

5.1 Introduction

Jet shape observables that are sensitive to the azimuthal angle about the jet
axis are becoming increasingly common in substructure analysis. However, no such
observable has been resummed to date. The dimensional regularization techniques
currently available for calculating IR safe observables that depend only on the energies
and polar angles of particles in a jet are straightforward generalizations of those
used originally for case of electroweak decays by Peccei et al. However, to further
extend this technique to observables with azimuthal dependence requires care and
leads to complicated and counter-intuitive relations between the physical angles and
the variables of integration. We demonstrate that an extension based instead on the
pioneering work of 't Hooft and Veltman leads to a much more transparent relation
between physical and integration variables and can be carried out straightforwardly.
We apply this latter scheme to jet angularities 7, in the case that there is an out-of-jet
energy veto A, extended to the case that both the parameter a and the normalization
factor w in the definition of 7, depend on the azimuthal angle, a generalization that
represents a very generic azimuthally dependent jet shape.

Recently, there has been considerable progress in using jet substructure to dis-
criminate QCD initiated background jets from jets arising from the decay of new
physics in collider events (see for example Ref. [104] and references therein). This
success hinges on the ability to predict intrajet properties and most commonly these
predictions are based on Monte Carlo event generators. As the approximations used
in event generators are not systematically improvable and our ability to estimate the
errors associated with these approximations is often not well understood, an alterna-
tive that does not share these features is crucial.

The class of substructure analyses that we focus on in this paper is that of jet
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shapes. Jet shapes are broadly defined as smooth functions of the 4-momenta of a
jet’s constituents that characterize the profile of energy flow within the jet, and as
such lend themselves straightforwardly to perturbative, first-principles predictions, in
particular to both fixed-order and resummed calculations. In addition to new physics
discrimination, jet shapes have historically been used as precision tests of QCD and
for event generator tuning [1, 108]. Examples include event shapes (such as the classic
thrust and jet broadening) restricted to the constituents of a jet as well as the original
energy profile ¥(r/R) dubbed “the jet shape” [67, 68, 1].

Generally, jet shape distributions, represented in this paper by 7, contain loga-
rithms at fixed order of the form

oo 2i—1

d log’
ﬁwZZa; OgTT, (5.1)

i=1 j=0

which become large for narrow jets, which we’ve taken to correspond to 7 ~ 0 (there
are additional terms in the cross section which are finite or power suppressed at
7 — 0). In order for perturbation theory to be well behaved for all values of 7, these
logarithms have to be resummed. This can be accomplished with either soft-collinear
effective theory [23, 25, 31, 30] or with more traditional QCD-based methods [58, 111].
Relative to event generation, this approach to describing substructure can be used
to make predictions more accurately and with uncertainties. It can also be used
in conjunction with event generators, which have the often indisposable advantage of
providing fully exclusive, hadronized final states, to illuminate when the predictions of
event generators are not to be trusted, and, when the two approaches are in agreement,
to allow meaningful assignment of errors to an event generator [112].

To date, all jet shapes that have been resummed share an azimuthal symmetry
about the jet axis. However, polarization, spin, and color connection effects can all
correlate radiation in and around a jet with the plane defined by the jet axis and
another axis in the event, e.g., the beam axis, and these correlations will in general
be different for pure QCD jets and new physics decays. Thus, the azimuthal dis-
tribution of radiation about a jet itself can be used to delineate signal events from
otherwise irreducible background events, and some observables have been proposed
that attempt to exploit precisely this fact (in particular, planar flow [5], pull [72],
and dipolarity [79]). On the other hand, the ability of event generators to correctly
describe these properties is much less well understood than their ability to describe
more classic (and azimuthally symmetric) observables. In fact, many commonly used
event generators are known to not correctly contain the physics responsible for the
above correlations (and for the case of color correlations can not even in principle
incorporate the appropriate physics since this effect disallows the Markovian inter-
pretation inherit in parton showers for finite N¢). It is the purpose of this section
to develop techniques that allow one to include azimuthal dependence in resummed
jet shape calculations. From the point of view of SCET where dimensional regular-
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ization is the most convenient. As we will see, this will require recasting the basic
formulation of dimensionally regularized radiative corrections.

This paper is organized as follows. In Section 5.1.1, we begin by describing the
dimensional regularization technique that has been traditionally used for azimuthally
symmetric observables in the literature to date, referred to as the “partial-democratic”
method. We then illustrate how one can utilize an alternative formulation, referred
to as the “undemocratic” method, which, using the physical angles (the polar and the
azimuthal angle present in d = 4 dimensions) as integration variables directly, allows
straightforward extension to the general case. By comparing the two methods, we
are able to identify the nontrivial correspondence between angles in the traditional
case and the physical angles, further demonstrating that using the traditional method
in such cases is considerably more difficult and counter-intuitive. In Section 5.1.2,
we use this technology to define a class of azimuthally symmetric observables which,
for each fixed azimuthal angle ¢, reduces to that of angularities [39]!, but which is
generalized to allow ¢-dependent normalization w and angularity parameter a. We
refer to this class of observables as ¢-angularities. In Section 5.2, we present the
details of the calculation of the soft function for ¢-angularities.

5.1.1 A New Take on Dimensional Regularization

In order to calculate the distribution of a jet shape in SCET, we begin by assuming
a factorization theorem, which typically takes the form [24]

ﬁ = H x /dT{...dTéJl(T{) XX J() XS —71,...,Tn—1T0), (5.2)
has been established for the observable at hand. Factorization theorems of this type
generally hold only up to power corrections of O(7;). While the hard function, H, is
independent of the observable (and of any other restrictions on the final state) and
the jet function only depends on one direction (with limited dependence on final state
phase space restrictions), the soft function, S, depends on all observables and the full
details of any phase space restrictions. Therefore the calculation of S is typically the
most difficult part of these calculations and this is what we will focus on.

When calculating the contribution of the soft function to an azimuthally asym-
metric observable, we have to calculate the higher order virtual and real emission
diagrams. To do this, we will use pure dimensional regularization to regulate diver-
gences encountered in these calculations. Dimensional regularization is particularly
useful in effective theories such as SCET), since virtual diagrams are generally scaleless
and can be set to zero. Therefore, in this paper we will concentrate only on the real

1To be precise, with our conventions it reduces to the version of angularities later defined in [66]
which differs from that in [39] with a polar angle dependent normalization such that radiation at
the boundaries of jets is defined not to contribute in [39].
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emission contributions. While we focus primarily on the one-loop soft function, the
techniques clearly extend both to the jet function and to higher order diagrams.

In previous real emission calculations in dimensional regularization [77], the d —
1 spatial dimensions have been treated “democratically,” in that once a time-like
direction is factored out, the phase space is taken to be a Euclidean space with no
“special” subspace identified. In these calculations, the full phase space (including
the on-shell delta function) can be written as

1

d 2
A%k 5(k2) = o

1
d' 'k = Sk |k (5.3)

Here, df2,, is the n-dimensional spherical volume element, defined as
dQ,, = sin™" 26, sin” 36, ---sinb,_odcosb - - -dcosb,,_; do, (5.4)

where cos 0; runs from —1 to 1 and ¢ from 0 to 27. df2, satisfies the recursion relation

dQ, = sin" 10 d0dQ,_, (5.5)
and integrates to
QWRTH
dQ, = . 5.6
[ 90 = e i

Before proceeding, we note that cartesian components of a vector k living on this
n-dimensional sphere can be written in terms of the n — 1 polar angles 6; and the
azimuthal angle ¢ as

k; = |k|cos b,
ko = |k| sin 6, cos 6,

k3 = |k| sin 0; sin 6, cos 63

k, = |k|sinf; sinfy . ..sinfb, 1 cos ¢
kn+1 = |k| sin 01 sin 02 ...sin Gn_l sin Qb . (57)

In [81, 80], instead of factoring out only the time-like direction, the authors re-
moved a light cone subspace and treated the resulting d — 2 spatial dimensions demo-
cratically, i.e.,

1 1 -
Ak 5(k%) = édk+dk_dd_2kL5(k+k:_ — |k ) = Z(k*k‘)%dk+dk_dﬂd_3. (5.8)
We refer to this as the “partial-democratic” method. Note that the physical polar
angle is encoded in k% and has thus been factored out of the (d — 2)-dimensional k|
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democratic subspace. When integrands involve dot products with 2 distinct external
directions, its easiest to align one of these directions along the z-direction such that
the angle of the loop momentum k with respect this direction can be written in terms
of k%. One can then choose to align the 2nd external direction along the “1” direction
within the k; subspace (cf. Equation (5.7)) since then dot products only involve a
single additional angle #;, which can be made an explicit integration variable using
Equation (5.5). In general, when there are 3 or more linearly-indepedent directions,
one needs to choose a plane for the external vectors within the k; subspace. This is
most easily done by choosing the “1-2” plane since dot products will then only involve
the two angles 6, o, which can be made explicit in d€2,;_3 using Equation (5.5) twice.
However, when an observable explicitly depends on the azimuthal angle ¢ about a
jet, its not immediately clear how to express ¢ in terms of 6, 5 since, for one, these are
polar angles (i.e., they run from 0 to 7). Note also that making the azimuthal angle
of Equation (5.4) explicit by aligning physical vectors in the “n-(n + 1)” plane is in
general prohibitively complicated since dot products involving this angle also involve
all n — 1 polar angles 6;.

As an alternative, we propose an “undemocratic” method, based on the original
dimensional regularization proposal of 't Hooft and Veltman [114])%, in which a 4
dimensional Minkowski space is factored out, and the remaining d — 4 dimensional
subspace is integrated over, i.e.,

d—6

_ _ 1 - _
Mk&ﬁ):d%d“ﬁK&W—WKF%:§&k%%ﬁ7ﬂhﬁ. (5.9)

An important feature of this method is that physical 4-vectors (v) have no components
in the d — 4 dimensional subspace, i.e.

kv=kwv. (5.10)

This applies to collinear directions and boson polarizations, as well as 4-momenta.
The advantage of the undemocratic method is that the resulting Minkowski space
contains an angle whose range is 0 < ¢ < 27 and can be identified as the azimuthal
angle about the jet direction.

We will now show that the partial-democratic and undemocratic schemes are
equivalent, which confirms the natural assumption that the result is scheme inde-
pendent (as long as the scheme consistently regulates all divergences) and allows
us to illustrate how azimuthal dependence can be included in the partial-democratic

2Recently, it was noticed in [84] that the appropriate divergences in beam functions were correctly
reproduced when a procedure to evaluate loop momenta that used aspects of our proposed method
was used, but neither a general method for extending this procedure to other applications nor
the relation to other schemes, formally necessary when combining the beam functions with other
factorized ingredients calculated in a different scheme, were discussed. In addition, polarizations
were treated in a way that, while not affecting any of the results in their paper, if generalized
directly would not lead to a consistent scheme.
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scheme. Similar comparisons can be made between the democratic/partial-democratic
and democratic/undemocratic schemes, however, since the partial-democratic scheme
is now the most widely used in SCET calculations, we will take it as the standard.

At one loop, any soft function, including phase space restrictions, can be written
as

S:/ddk:f(nl-k:,nl-k,m-k:,ng-k), (5.11)

where the n; are light-like 4-vectors and ni, ns, and ng are linearly independent. All
dependence on other directions can be written in this basis, since these four vectors
form a complete basis in 4 dimensions, where f is defined. In the partial-democratic
(pd) scheme, we proceed by factoring out a light cone direction, which is most easily
identified as ny. After integrating over |k, |, as in Equation (5.8), we have

1 _

Spa = /(H/{)Tdk*dkdmgf(kt k™ ng-k,ng-k). (5.12)
In order to write no-k and ng-k in terms of the remaining integration variables, we
employ Equation (5.5) and identify 6; as the angle between k; and ny in the d — 2
dimensional space. The angle between k; and ny when projected onto the d — 3
dimensional hyperplane perpendicular to ny is given by 6,, while 13 is the angle

between ny and nz. In terms of these variables, we have

1 _
Spa = 7 / dk*dk~sin®40; d6; sin? 50, A6y dQy_s(k k™) T

Tl kT
x f (k*, k, % —\/n3ny kTk—cos by,
ng k™ +ng k" T : :
- = \/ 13 g KTk~ (cos 01cos a3 + sin fcos Oy sin 1)a3) |

(5.13)

In the undemocratic _(ud) scheme, after performing the integrations in Equa-
tion (5.9) and relabeling k as k, we have

1 _
Sud = 5 /d4k (k2)%de_5f(n1 'k’, nq ']{I, ng'l{?, n3k) . (514)
This illustrates an important feature of the undemocratic scheme, namely that n-k =
n-k for any physical vector n, such that f is completely independent of the d — 4
dimensional subspace. After making the transformation into light cone coordinates,
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we have

. ,
Sua =7 / dk* dk~dk, dk,dQ_s (K k™ — k2 — k2)F

nyk™ +nyk*
2

+1— 4 oLt
M — /13 ng (ks cos ez + ky sin ¢23)) . (5.15)

If we now make the substitutions k, = vVkTk~cos0; and k, = VkTk~sin f,cos , and
include the proper Jacobian, we see that the partial-democratic and undemocratic
schemes are equivalent.

Given that we know the proper variable transformations to go between the two
schemes, it is easy to see how one could include azimuthal dependence in the partial-
democratic scheme. Using the fact that tan ¢ = k,/k, we have

+ —

X f<k+7k_,

tan ¢ = tan #ycos by . (5.16)

In Equation (5.16), both #; and 6, range from 0 to m, while ¢ goes from 0 to 2.
The fact that cosfy goes from —1 to 1 allows us to recover the full range of tan ¢
(which runs from —oo to oo twice). One might worry about over counting, since
cos 5 takes a continuous range of values. However, the Jacobian between the partial-
democratic and undemocratic schemes removes this problem by properly reweighting
each combination of #; and 6,. Care must be taken when defining ¢ as an inverse
tangent, as this does not generally cover the desired range. While we could use the
partial-democratic scheme and include azimuthal dependence using Equation (5.16),
it is clearly easier to use the undemocratic scheme, with spherical coordinates instead
of light cone coordinates. We will see an example of this in the next section.

5.1.2 Azimuthally Asymmetric Jet Shapes in ete™

In order to demonstrate the benefit of our regularization scheme, we will calculate
an extension of angularities we will call ¢-angularities, defined as

1 a(9) a(¢)
Tag) = —— > (KDY (k)2 . 5.17
0= gy T (5.17)

Here, kT are given by

k+ = njet'k) (518)
k?_ - ﬁjet'ka (519)
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where nje; = (1,1n4) is a null vector along the light cone direction of the jet. The
sum in Equation (5.17) is taken over all particles in the jet, where the jet is defined
by a jet algorithm. In analogy with the calculation for traditional angularities, we
restrict ourselves to jet algorithms that, at one loop, reduce to cones of size R in 6
about the jet direction. This includes cone and kp-type algorithms in ete™ collisions.
We will also include a jet veto, A, for radiation outside of all jets.

If we look at ete™ initial states and take w(¢) ~ @, where Q = /s, then ¢-
angularities will factorize in the limit 7,4 < 1. We will assume the factorization
follows directly along the lines of traditional angularities in ete™ collisions. This
factorization, including a jet algorithm and jet veto, is discussed in [66]. Along the
lines of that calculation, we will divide our soft function into three pieces:

e S describes the interference term between the i** and j* Wilson lines, where
the emitted gluon is allowed to go anywhere, with an energy less than A

) Sfj: describes the interference between the i'" and j* Wilson lines, where the
emitted gluon is found in the k' jet, with energy greater than A. Using that
the contribution of a gluon in a jet with any energy is zero (since it involves a
scaleless integral), it can be shown that the sum of Sg;?d and Sfj summed over
k is the contribution of a gluon outside of all jets with energy less than A

. Sij<7'f( ¢)): describes the contribution to Tf( ¢ from the interference between the
™ and j'" Wilson lines.

The soft function is then given by

S(Tagy -+ Taww) = D | S5 + Z (S5 + Sij(Th)) (5.20)

i

Here we have assumed that a separate measurement of the ¢-angularity has been
made on each jet. However, as discussed in [66], factorization is also valid even if
there is no measurement on a jet provided the jet size is small, R < 1, for that jet. In
this case, S;; (T, ol ¢)) is omitted. The full result for each piece is given in the appendix.
From this point forward, we will drop the explicit ¢ dependence of a and w; they will
both be assumed to be in general arbitrary functions of ¢.

To emphasize the difference between our regularization scheme and those previ-
ously used in the literature, we can compare one of the integrals from above with
the corresponding integral in a different scheme. For example, if we take w to be a
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I
(Sij(Ta))ud :277'2 < w2 ) F(l — 6) TzT]
n..n.
dz deos 6d 0
/ x dcos ¢($ — cos0)(x — cosf cosb;; — cos psinfsinb;)

X (22 — 1)1z — cos 0) 37D 4 cos §) 9 DQ(h < R),

(Sij(T;))pd — 20;:2 (4:]/; ) (nlnj)(TzT])ﬁ#

WT,

i -1
/ dk~df;dfy sin~2¢ 0, sin 2 Oy (k)2 ( a)

k,,
24/ 1+tanZ 6 cos? 0

CL)TZ 3 1+tan2 67 cos2 65—1 wl ] . wl 1

X [(—a) % L cosz7j+sm2—]
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14+tan2 01 cos? 0o —1

i
WwT, 3 1+tan2 01 cos205—1 .
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(5.21)

(5.22)

In Equation (5.22), cos¢;; = 1—nn;. As we can see, while Equation (5.21) is certainly
not trivial, Equation (5.22) is prohibitively difficult. While the undemocratic scheme
can be reduced to finite one dimensional numerical integrals for arbitrary a and w,
the analogous case in the partial-democratic scheme will generally involve a double

numerical integral, which may contain 1/€ poles.

5.2 Computation of the ¢-Angularity
Soft Function S(7%, ¢)

We first define Sj;(75, ¢) and S};(¢) via the relations

d )
Sij(T(f) = /2—i SZ"(T;,Qs)

st = [ 52 51(6).

P2

(5.23)
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In both cases, in the “undemocratic” method, the integration is decomposed as in
Equation (5.9). Using that

—em ¢ d—

d—47- _ 2\ 428 172
d l{_ru_f%K) dK?, (5.24)
we find that
d*hdi K —em© [*Td¢ (! >
- i [ oo [
/ o) o(k )O(k”) Ti—d/, 2r _ldC089 i d|k|

/| TARO(RO? — (K. (5.25)

k]

There is a freedom in how the algorithm and the observable are defined away from
d = 4. For example, the definitions O = 0(6 < R) and O = 0(k™/k~ < tan® R/2)
coincide for d = 4 but deviate for k° > |k|. We find that the precise definition affects
both SJ; and S;;(7)) separately for R ~ O(1), but that both S}; for R < 1 and the
sum Sf; + S;;(7¥) are independent of this. This can be attributed to the fact that for
measured jets, it is always the sum that is needed and for unmeasured jets, one must
take R < 1 in which case this dependence in Sfj becomes a power correction.

We take the convention that the algorithm restriction is

Or=0(0<R). (5.26)

For the angularity measurement generalized to allow both the normalization w and
the parameter a to be ¢-dependent, we take

0, =0 (Ta - i(ko — |k| cos 0)1 /) (k° + || cos 9)“/2> ) (5.27)

with w = w(¢) and a = a(¢).

Due to the difference in the singularity structure, we consider the cases kK = i or
j and k # 1, j separately. For the former case, we define ¢ to be the azimuthal angle
of the emitted gluon from the ij-plane about i. In the latter case, we define ¢ to be
the angle of the emitted gluon about the ik-plane about £, and ;. to be the angle
of the jk-plane with respect to the ¢k-plane about k. This means that ¢ should be
shifted for each 7, 7, k to a common frame of reference.

We define for brevity

r=tan R/2
T

T,=—"' 5.28
J tanwu/2 ( )
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where 1;; is the angle between n; and nj, i.e., n; - n; = cos;;. For the case k # 14, j,
we also use

r
T=Th=—-
F tan 1 /2
r
T =T) =———. 5.29
J Jk tan /2 ( )

Requiring non-overlapping jets is equivalent to 7' < 1 for every 7.3 We adopt the MS
scheme in what follows.

incl
521 S

Ref. [66] calculated S}*! using the “partial-democratic” scheme with the definition
of O given in Equation (5.26). Provided we stick with that definition throughout
our calculation of the soft function, the result of Ref. [66] directly applies here. We
quote the result for completeness.

- ag (eFp\° T;-T; [1 1 n; - n; i ) 2
Ginel — _ % . ! (—1 J)———L 1—
" ( 4A\? > I'l—e) |:€2 e\ 2 6 2 n;-n,

(5.30)

5.2.2 Sij(Té,gb)
Using that Sji(7;,¢) = Sij(7i,¢) (up to redefining § — 27 — 8 and shifting
¢ — ¢ — ), we need only focus on S;;(7, #). We obtain (in MS)

. (G’YEMQ)E 1 5%
Sy(7i,6) = T, —Eni-nj/ dcose/ dK] (5.31)
F(]' ) cos R 0

o 1 1
kO (k%) S .
/kl ( ) ko—ni-kkﬂ—nj-kT

Using the coordinate system where n; = 2 and n; is in the zz-plane (where ¢ = 0),
using the delta function ¢, to do the |k| integral, and changing variables to x = k°/|k|
and z = tan?(0/2)/r?, we find

. OéS 1 e’YEILLQT.Q(l a) 1 1o )
Sii(th ) = ——T;- T i Fi(e), 5 29
](Ta ¢) ot 7 F(l — 6) ( (.Uz c (Ta) ij (gb) ( )
where
7 4nz n . 9w
Fi(¢) = - 2+2(1]a€/dz/ do(z? — 1) (2 — 1+ r2z(x + 1))@
x F(z,z,¢), (5.33)

3The results of [66] are in terms of the parameter ¢;;, which corresponds to t;; = 1/T;;.
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where the nonsingular part of the expression has been grouped into F(z, z, ¢) and is
given by

(x+1+722(x —1))a(1 +1r2z)"2%

F(z,z,¢) = : 534
50 (@ = DA +7r%2) +nin;/P(z,0,T) (5.34)
with
P(z,0,T) ! (5.35)
z = _ ‘
o 14 T2z —2T\/zcos ¢
To isolate the most singular contributions, we then split Fjj as
Fi(¢) = F;V(0) + Fi2(0) (5.36)
where
JO xzcb) F(A,2,6)]le=o
Fi(0) = ey / dz/ Jz—147r2z(z+1))’ (5:87)

where we set € = 0 in Ffj(l) since, by construction, the divergences at x = 1 and z = 0
are regulated in this expression, and

Fi®(g) = 4’;‘;2”5 . / a- / de(a® — 1)
X (x—147r2z(z+ 1) DR, 2, 6)
T - D1 - (1 - a))
(1 —¢2—a))

< (T4 ehlly o) + (1 - 0000 - fiTso0) ). 639

where we defined
Ldz
f1(¢7T>E/ ;(P(Z7¢7T)_1):2
0
—In(1+T?* — 2T cos ¢)

f2(9,T) E/O dz—zlnz (P(z,¢,T) — 1) = 2R((—1 + i cot ¢)Lix(e'T))

cos ¢ (tanl cos ¢ ton-! cosng—T>

sin | sing] " sing|

z=1

f3(o, T,1) = /0 % In(1+7r%2)P(z,¢,T) = 2R[f3(2, ¢, T, 7“)”2;0, (5.39)
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with

f3(z,0,T,r) =Inr [ln(P(z, ¢,T)) + cot gb(tan_l COSS;H—_QSTZ
L (1+Tz)tan &

el i T(1—irz)
— Liy(i In (2 In (1"
Tz-1 )] 12(ZTZ)+sin¢{n<r+Z) n( T —ire” z¢>>
i T(1+irz) . (T(1—irz) . (T(1 +irz)
i ( r - Z) ! ( T+ ire‘“z’) T (T —qre= i@ + Lz T +ire—i@

— tan~

(5.40)
5.2.3  Sj;(¢)
Using the same variable transformations as for S;;(77), we find
i 1 eE 2\ 1 ;
5,0 = ST (s ) (o). (5.41)
where
i 2 e,.2(1+¢) (z—1)"
Gi(6) = dnynder / dz/ do—T ) (m . 1)G(x, 2 8),  (5.42)
with
T2 1
= . 4
e 0) = D @ - D 1 722) + ey /P, 61 T) (5:43)
We then split G}; as
Gii(0) = Gy (6) + G (9) (5.44)
where
GV (9) = —FV(6) + O, (5.45)
and

1 oo —1—e¢
i(2) 2 1€,.2+2¢ (z—1)
( — 4. -n.e24 1
Gij " (9) = dni-nyedr /0 dz/l R g s SR

=T(14 (1 —¢) (1 —ef1(p, Tyj) + € (f2(¢, Tij) — f3(o, Tz-j,r)) )
+O(). (5.46)
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5.2.4 S@](TZL, ¢) + SZZJ(¢)

Adding the results of the two previous subsections, we obtain

X . g 2 67E 7‘2(1 a) 1 1 iN—1—2¢
Sij(Tas @) +5i;(¢) :ETi-T]{ Y < e ) —T(m) 7 (547)

1—ce¢) w —a

=g (i) w0~ e | (7).

(,UQ

—i—lnmé(ﬂ)]+5(Té)<2(2_a)f2(¢7ﬂ3> 2f3(0, i, 7 ))}

Using the fact that
2w
| sehe1) = —m -1
Td 1 1 ~T7
/0 _gbf2(¢ T)= erﬂ(l —T)+ §L12 (ﬁ)

Tde [ —T? . T2 + A
/0 —fg(gb, T, A) = L12 <ﬁ> — ng( - m) (5.48)

we obtain agreement with the result of Sj;(7;) 4 S; in [66] when w(¢) and a(¢) are
constant in ¢.

5.2.5 S;;(tF 0)

We find
k Qs 1 e pPr2mONE
ij(Tq, ) = —=T;- T I7(9), 4
Sulrk ) = - T o (TR ) e, ()
where
k LAUZS —1—e
I5(¢) = o 1‘7 > / dz/ do(z* — 1) I(2, 2, 9), (5.50)
with

(x —1+7r%z(x+ 1))6(2”)
(z = (1 +722) +niny/P(z, 6, T)
y (x4+1+7r22(x— 1))@
=D+ 1% + nym /P B = 6.T5)

I(z,2,0) = (1 +1%2)7*

(5.51)
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As before, we split up Ifj(cﬁ) as

15(6) = 15 (6) + 1% (9) (5.52)
where
and
E@2) o\ o,2(14e)  ThitTy (2? =1)~1
L= (@) =2r 0 (RN nk/ dz/ dxx_l"’r 2z(z + 1) 11.7.9)

= (1 + 2eln T>g1(¢7 ﬂ7 j?ﬁl]k) + 6((2 - a)g2(¢7ﬂ7 7 Bljka O)

- 292(¢7 TVi? T’ja Bijk’a T_l)) + 0(62) ) (554)
where

n
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(5.55)
where
hi(p, T, Ty, B) = 2csc p((TE + Ty cos ¢ — 211 Ts cos(B — ¢)) (5.56)
(tan~! cot ¢ — tan"*(cot =T} csc @) + (T2 — T3) In[1 + T? — 2T} cos ¢
and
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and we used

22— 72 L T2 _OT\Tycos 3. (5.58)
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5.2.6  Sii(9)
We find for S};(¢)

1 e 1
k Lok

Si(0) = Lsp,. ij 5 (4A2T2> ~Jii(9). (5.59)

where

1 00
Jg(gb) = 4nz~-n]~e4€r2(1+5)/ dz/ do(z® — 1) J (2, 2,9), (5.60)
0 1
with
1
— .2
T2 0 = T G T A7) 4 mem Pz 6.T)
1
. 5.61
(=D +72) + ny-m/P(z. 6 — B.15) (561)
We then split ij as
_ 7k k(2)

Jikj(gb) =Ji; (o) + J;;7(9) (5.62)

where

k(1) _ k(1)
Jij (0) = =G (9), (5.63)
and
k(2) 2 1€,.242¢ "L‘ — 1
Gy 7 (9) = 4ni-njedr /dz/ dxx—l—l—rz(x%—l) J(1,z,9)
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T MMy

5.2.7  Si(th,¢) + Sk (9)

Adding the above results, we obtain

i Qs 2 w? ;
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(5.65)



74

This agrees with the result of S;;(75) + SJ; in [66] for constant w(¢) and a(¢), as
can be seen via the identities?®

T de 1+ T2T2 — 2T\ Ty cos B
= Ty, T =1 1-2
/0 27T91(¢7 1, 275) n < (le _ 1)(T22 _ 1) )

2
/ d_¢ <¢7 T17T2767A) = _{g(T1_17A) +g(T2_17A) - 2111(A+ 1) ln(TlTQ)
0

o 92
L_ 1 — Tngelﬂ L 1
1 —5 | — L1 e
2 1 + ATlTQ@Zﬁ 2 1 + ATlTZGZB

‘ T\ Tre'?
+ ln(l — TlTQGZB)l L)] } ’

+ 2R

n ]_ —|— ATlTQGi’B
(5.66)

where

- t? [ tP—1 ) )
g(t,A) = L12 (m) — L12 (m) —+ ln(t — 1) hl(’f’ +t )

—In(#*) In((A+1)(A+ ). (5.67)

4The functions on the right-hand side of Equation (5.66) correspond with the functions fi o of
[66].
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Chapter 6

Conclusion

The LHC era is an incredibly exciting time for particle physics. Already we've
seen strong hints suggesting that the Higgs boson will be found in the near future and
hopefully there will be many more discoveries in the years to come. However, almost
any new physics will be found in conjunction with (or buried beneath a background
of) Standard Model jets. In order to make the most of the data from the LHC, it is
imperative that we do as much as possible to understand jet physics.

In this thesis, we have presented several new techniques that will hopefully increase
our understand of jets, especially in the context of collider physics. In Chapter 2,
we derived a factorization theorem for the production of N jets, together with any
number of non-strongly interacting particles, such as electroweak gauge bosons. This
factorization theorem allows us to write the physical cross section in terms of a con-
volution of parton distribution functions, a hard function, and jet functions for each
observed jet and a soft function describing among other things the color recombina-
tion between the initial and final state partons. Both the jet and the soft functions
depend on the precise form of the jet algorithm chosen.

The main new ingredient in this factorization theorem is a soft function that de-
pends on a timelike component of the soft momentum outside of the observed jets,
and the lightlike component of the soft momentum in a given jet. This function is
directly related to the soft function first proposed and calculated for the case of jet
production in ete™ collisions in [66, 65]. This soft function allows us to interpolate
between the soft function arising for final states without observed jets (which depends
only on a timelike component of the soft momentum) and the soft function for com-
pletely inclusive jet production (which depends only on the lightlike component of
the soft momentum).

We have derived the UV divergent parts of all ingredients of the factorization the-
orem to O(c). These were then used to show that the combination of all ingredients
of the factorization theorem is independent of the arbitrary factorization scale u, and
therefore the derived results satisfy the nontrivial requirement of consistency. While
consistency was shown in this work only in the true hadronic endpoint, we have kept
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the kinematics general enough (in particular allowing for a nonzero overall boost) to
allow for a generalization of our results to the case where the steepness of the parton
luminosities force events to be close to the partonic threshold. This result, which is
by far more interesting phenomenologically, is discussed in Chapter 3.

Our results can be used to explicitly resum threshold logarithms to NLL accuracy
(in the log-counting convention of [35]) for any process in hadron collisions with any
number of jets and non-strongly interacting particles in the final state. The technol-
ogy of going from the anomalous dimensions we present here to explicit resummed
distributions is well-known. Beyond one jet, in addition to the standard resumma-
tion methods, we need the matrices T; - T;, but these have been computed for many
processes (see, e.g., [55, 86, 85, 64, 106, 107]), including all 2 — 2 and 2 — 3 partonic
channels. The only other ingredient needed to obtain a NLL distribution is the Born
matrix element.

In addition, if our results are extended to include two-loop results of the anomalous
dimensions together with the full algorithm-dependent one-loop finite parts, NNLL
results can be obtained for all processes for which the virtual NLO corrections are
known. Together with recent advances in calculations of NLO cross sections (e.g.,
WHW =5 [45, 63] and W jjj [38]), this would have a significant impact on the precision
frontier of predictions at the LHC.

In Chapter 3, we presented a model-independent, quantitative measure of the
power corrections to partonic threshold resummation. Previously, any quantitative
study of the power corrections associated with applying hadronic threshold resum-
mation away from the true endpoint necessitated simplified assumptions about the
functional form of the pdfs. The expansion parameter of threshold resummation is
given by a parameter A2, which can be defined unambiguously through integrals over
pdfs. In SCET, the parameter \? is related to the scale of soft and collinear radia-
tion, such that the scales u. and ps can be chosen after convolving the partonic cross
section with the pdfs. This allows us to avoid integrating through regions where the
perturbative expansion is ill-defined, without having to define an arbitrary procedure
for determining scales after integration. We have shown analytically that the value
of X approaches zero either in the true hadronic endpoint or in the limit of infinitely
steep pdfs. Our numerical results indicate that while threshold resummation can be
justified away from the region where 1 — 7 < 1, we expect the corrections to become
sizable for 7 < 0.05 — 0.1.

Most QCD resummation requires the calculation of a soft function, which describes
the emission of low energy radiation from high energy partons. In Chapter 4, we
demonstrated a new method that would allow for the calculation of soft functions
with highly complex phase space constraints, using currently available calculations
as a subtraction. At one loop, subtractions can be constructed that allow for new
soft functions to be calculated numerically, using previously derived analytical results.
Using only calculations that exist in the literature, the soft function can be calculated
for a number of phenomenologically relevant observables and algorithms, including
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jet shapes found using n-¢ algorithms and N-jettiness, for arbitrary N. In order to
calculate the soft function for most current measurements at hadron colliders, both
Type I and Type II jets are required. We should also note that a similar argument
can be used to calculate jet functions in the presence of algorithms; however, this is
generally less relevant as algorithm corrections tend to be power suppressed.

Finally, in Chapter 5 we introduced a new regularization scheme (undemocratic
regularization) for on-shell, d-dimensional integrals. Based on the work of 't Hooft
and Veltman, this scheme provides an intuitive way of relating physical angles to
angles of integration in the d-dimensional space of loop momenta. Similar relations
in previous schemes are derived by studying the mapping onto the new scheme.

While we show that the undemocratic scheme is equivalent to previous schemes,
we demonstrate that it is particularly well suited to calculate jet observables that
depend on the azimuthal angle with respect to the jet direction. We demonstrate
this by defining a new variable, ¢-angularity, and comparing parts of the calculation
for a specific ¢-angularity. We then calculate the soft function for an arbitrary ¢-
angularity in terms of finite, one-dimenisonal numerical integrals.
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