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Abstract
Jets in Soft-Collinear Effective Theory
by
Andrew Carl Hornig
Doctor of Philosophy in Physics
University of California, Berkeley
Dr. Christian W. Bauer, Co-Chair

Professor Yasunori Nomura, Co-Chair

Factorization is the central ingredient in any theoretical prediction for collider experiments. I
introduce a factorization formalism that can be applied to any desired observable, like event shapes
or jet observables, for any number of jets and a wide range of jet algorithms in leptonic or hadronic
collisions. This is achieved by using soft-collinear effective theory to prove the formal factorization
of a generic fully-differential cross section in terms of a hard coefficient, and generic jet and soft
functions. The factorization formula for any such observable immediately follows from our general
result, including the precise definition of the functions appropriate for the observable in question.

As a first application, I present a new prediction of angularity distributions in ete~
annihilation. Angularities 7, are an infinite class of event shapes which vary in their sensitivity to
the substructure of jets in the final state, controlled by a continuous parameter a < 2. I calculate
angularity distributions for all @ < 1 to first order in the strong coupling o, and resum large
logarithms in these distributions to next-to-leading logarithmic (NLL) accuracy.

I then apply SCET to the more exclusive case of jet shapes. In particular, I make predic-
tions for quark and gluon jet shape distributions in N-jet final states in eTe™ collisions, defined with
a cone or recombination algorithm, where I measure some jet shape observable on a subset of these
jets. I demonstrate the consistent renormalization-group running of the functions in the factoriza-
tion theorem for any number of measured and unmeasured jets, any number of quark and gluon
jets, and any angular size R of the jets, as long as R is much smaller than the angular separation
between jets. I calculate the jet and soft functions for angularity jet shapes 7, to next-to-leading
order (NLO) in a; and resum large logarithms of 7, to next-to-leading logarithmic (NLL) accuracy
for both cone and kp-type jets.

Finally, I apply SCET to the case of threshold resummmation at hadron colliders. Factor-
ization 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. I derive 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. I find the soft function in general depends on the null components
of the soft momenta inside the jets and on the timelike component of the soft momentum outside
of the jets. This generalizes and interpolates between the soft functions for the cases of no jets and
one inclusive jet.
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Chapter 1

Introduction

High Energy Physics is approaching one of the most important and exciting periods in
many years with the coming online of the CERN Large Hadron Collider (LHC). In addition to
the potential discovery of the last ingredient of the Standard Model (SM), the Higgs boson, the
LHC will search for evidence of many models of physics beyond the Standard Model that propose
solutions to the problems of the SM.

We may find various kinds of signals of new physics at the LHC. On one hand, in a best-
case scenario, new physics will appear as a smoking gun, and it will be the task of the high energy
community at large to try to explain what we see and why. On the other hand, it might be that
new physics is hiding behind SM backgrounds that are not well understood, a primary example
being SM multijet signals. It is therefore of utmost importance to increase our understanding of
these backgrounds. The development and application of tools that help our understanding of this
area is the goal of this thesis.

In particular, the main approach to understanding collider signatures of the SM that forms
the basis of this thesis is an analytically based approach that makes use of effective field theories
(in particular Soft Collinear Effective Theory [19, 21, 33, 29], or SCET). SCET can be used to
separate (or factorize) different energy scales from one another. This serves two functions. First,
factorization of perturbative from non-perturbative energy scales allows for a model independent
understanding of hadronization effects. Second, further factorization of the perturbative contribu-
tion into pieces that are only sensitive to a single energy scale allows for renormalization group
evolution of each piece from its respective scale to a common scale, which resums logarithms of
ratios of the disparate scales to which the various contributions are sensitive.

In order to apply SCET to multijet environments at the LHC, the definition of a jet itself,
which in practice is made via a jet algorithm, needs to be incorporated into factorization formula.
Jet algorithms are used to define more exclusive objects that still aim to connect short distance
descriptions of QCD (partons) with long distance descriptions (hadrons). In Chapter 2, I explore
how in detail jet algorithms can be incorporated into factorization formulas. After this is achieved,
a wide variety of applications of this formalism can be performed.

For example, one of the topics that SCET can be applied to is in the understanding of jet
substructure, an area of collider physics that has generated considerable interest in the literature.
Jet substructure can be used to distinguish background QCD jets from those arising from the decay
of new physics particles. Since this field is relatively unexplored from the perspective of SCET,



there is room for considerable progress in this area in the upcoming years.

As a first study in jet substructure, in Chapter 3 I describe a study of idealized hemisphere
jets in e+e- collisions. For these jets, I did a thorough analysis of a class of event shapes called
angularities, characterized by a continuous parameter a. The different angularity distributions
assign differing weights to jet constituents at smaller or larger angles from the jet axis, and are
dominated by jets with different pT. Thus, knowing the angularity of a jet for all values of a gives
the profile of the jet.

Event shapes at hadron colliders are less interesting since it is not feasible to measure
particles of arbitrarily low pT. In Chapter 4, I combine the ideas of using jet algorithms developed
in Chapter 2 with the idea of measuring shapes of jets developed in Chapter 3 to measure the shape
of some number M of jets in an exclusive multijet event of jet multiplicity N > M.

Another complication of predictions at hadron colliders is that all theoretical predictions
must be made at the level of partons whereas measurements are made at the hadron level. As
mentioned above, these two descriptions are linked for final state particles through the use of jet
definitions. For the initial state interactions, a link between these two descriptions is made with
parton distribution functions (PDFs), which give the probability to find a parton of momentum
fraction z in a given hadron. However, because of the steepness of the PDF's in z, final states with
real emission that is either highly collinear or soft is strongly favored over large angle emission,
which leads to the presence of large logarithms in fixed-order predictions of the partonic level
process. In Chapter 5, I discuss how these can be resummed in an arbitrary N-jet process at a
hadron collider, where the jets are defined with respect to a jet algorthm.



Chapter 2

Factorization for Generic Jet
Production!

1 Introduction

Factorization is the main ingredient in any theoretical prediction for collider experiments.
Most factorization theorems are easy to understand intuitively. For example, the most basic fac-
torization theorem for the production of lepton pairs in proton-proton collisions has the form

U:Z&ij®fi/P®fj/P~ (2.1)
iJ
Here, the partonic cross section 6;; describes the production of the two leptons from the two initial
state partons ¢ and j, while the parton distribution functions f;,p and f;,p describe the probability
of finding the partons ¢ and j in the proton. The parton distribution functions and the partonic
cross section both depend on the momentum fractions of the partons with respect to the hadrons,
and the ® denotes the convolution in these variables. For more complicated processes, such as
jet production, factorization formulas still exist, but are more complicated than for the Drell-Yan
process.
While there is usually a simple intuitive picture leading to factorization theorems like
Eq. (2.1), many open questions cannot be answered without a much more detailed understanding
of the factorization theorem. First, precise field theoretical definitions of the different elements in
terms of matrix elements of operators are required to calculate them systematically. Second, each
of these elements depends on a renormalization scale y, and the precise p dependence cannot be
obtained from the naive arguments given above. The fact that the final hadronic cross section is
independent of u allows one to derive renormalization group equations, which can be used to sum
large logarithmic terms present in the perturbative results. Finally, it is important to understand
under which circumstances the factorization theorems hold and when they break down. Thus, a
more detailed understanding of factorization theorems is mandatory for a theoretical understanding
of collider signatures.
Understanding factorization has a long history, and started with the seminal work of
Collins, Soper and Sterman (see Refs. [94, 90, 92, 93] and references therein). It is instructive to

!This chapter was originally cowritten with Christian W. Bauer and Frank J. Tackmann [23].



remind the reader about the philosophy of these traditional factorization proofs, and to compare
it to factorization proofs using effective fields theories, as discussed in this chapter. While the La-
grangian of the strong interaction is given in terms of partonic degrees of freedom, any perturbative
calculation of partonic scattering amplitudes gives rise to infrared divergent results. These infrared
divergences are a manifestation of the well-known fact that at long distances the strongly interact-
ing degrees of freedom are hadrons, not partons, and that the binding of partons into hadrons is
a nonperturbative effect. The infrared divergences in the partonic results are regulated, however,
if the dimension of spacetime is chosen to be D = 4 — 2¢, and manifest themselves as 1/e poles
with € < 0. Thus, for D # 4 one can calculate the scattering cross section of two partons m and n,
and by the same intuitive picture as before, one expects that the partonic scattering cross section
factorizes as
0.

In this case, f;/m, [fj/n] denotes the probability to find the parton i [j] in the parton m [n]. This
probability has a well-defined expression order by order in perturbation theory, and is infrared
divergent in the limit D — 4. Under the assumption that any infrared-safe (finite as D — 4)
result is the same in the hadronic (D = 4) and partonic (D # 4) theories, the factorization of long
distance and short distance physics in the hadronic theory can be proven by showing to all orders in
perturbation theory that &;; in the partonic theory is indeed finite in the limit D — 4. Traditional
factorization proofs therefore use diagrammatic techniques to show that all infrared-divergent terms
in oy, are contained in the partonic distributions f;/,, and f;/,.

Proofs of factorization theorems in soft-collinear effective theory (SCET) [19, 21, 33, 29],
on the other hand, use a different approach. By construction, the correct effective field theory
reproduces the long distance dynamics of the underlying theory in a particular kinematic limit.
SCET is constructed to reproduce the long distance physics for processes involving highly energetic
particles, and the assumption is now that SCET is indeed the correct effective field theory of QCD
in this particular kinematic limit. What is important is that this assumption can be tested in
perturbation theory.

The physics at short distances, in general, is not properly described by the dynamics
of the effective field theory itself, but can be determined by demanding that the effective theory
reproduces the underlying theory order by order in perturbation theory. This matching calculation
can be performed using partonic degrees of freedom, because the effective theory reproduces the
long distance physics of the full theory ensuring that all infrared divergences cancel in the matching
calculation. Thus, the effective theory gives a result of the form

o= Z SDZ‘j & LDZ‘j , (23)
i?j
where SD;; describes the short distance physics governing the scattering of two partons 7 and j into

anything, while LD;; describes the long distance probability of two protons to give two partons 4
and j. The final step in the proof of the factorization formula is to show that

LDij = fiyp @ fj/p (2.4)

where f; p are now matrix elements of operators defined in SCET. This is accomplished in SCET
by exploiting the dynamics of the effective theory, as will be discussed in much more detail later.



The first factorization proof in SCET was for B — D7 decays [27], but it was soon
realized that SCET can be used to reproduce factorization for simple QCD processes with back-
to-back jets [20, 26, 24, 160]. Recently, there has been progress in studying factorization and the
resummation of perturbative corrections for some weighted cross sections in ete™ — hadrons [157,
124, 125, 18, 172], Drell-Yan [137, 138, 40], deep inelastic scattering [160, 82, 161, 83, 39], and Higgs
production [127, 138].

While such fully inclusive observables have proven to be very useful in capturing generic
features of hadronic events, they are not well suited to identify specific short distance processes. For
this reason, jet observables are usually considered, in which hadrons that are “close together” are
collected into jets of particles. The idea is that QCD radiation will turn a single parton produced
in a short distance process into a jet of hadrons, such that the total momentum of the jet can be
used as a measure of the momentum of the original parton. Thus, jet observables can be used to
directly test the underlying short distance process that produced the event, as long as the jets are
well separated from the beam axis and their dependence on the underlying event is very small.

Of course, the definition of a jet depends on the precise meaning of “close together”, and
there are many algorithms available which group the final state particles into jets [182, 88, 80, 89,
66, 68, 67, 119, 136, 113, 171, 112]. To calculate jet cross sections perturbatively, we need a jet
algorithm that is infrared safe, such that a partonic calculation does not lead to infrared divergences
in D = 4 dimensions. Which algorithm is chosen by experimentalists is usually determined by
practical considerations, such as speed and algorithmic robustness.

In this chapter, we develop a factorization formalism that can be applied to any desired
observable, like event shapes or jet observables. In particular, for N-jet production in hadronic
collisions, we show that the cross section factorizes into a hard function, 6;; ;. ., describing the
underlying partonic process to produce N partons, convoluted with N jet functions, J,, a soft
function, S, and parton distribution functions, f; ;/p,

o= Z Gijky. ey @ Iy @+ @ Ty ® S @ fiyp® fi/p- (2.5)
i:jvkn

The jet functions Jj, are the final-state analog of the parton distribution functions. They describe
how the final partons from the hard interaction evolve into the observed jets, and contain all de-
pendence on the actual jet algorithm. The soft function S is a nonperturbative object, which
describes, for example, how color is rearranged to allow the colored partons to form color-singlet
jets. The effective theory allows to give precise field-theoretic definitions of all objects in this fac-
torization formula. Whether the differential cross section in some observable factorizes in the usual
sense depends on whether the observable is dominated by factorizable kinematic configurations and
whether it is inclusive enough to allow perturbative calculations of the jet functions.

In Sec. 2, we first define a generic differential cross section written in terms of functional
derivatives, and then show in Sec. 3 how observables are constructed from this generic cross section.
In Sec. 4, we derive a factorization formula for this differential cross section, which relates it to
convolutions over generic building blocks. To focus on the overall structure of the result, this
derivation will be schematic in the sense that we will ignore the explicit color and spin structure of
the underlying interaction. As a first example, in Sec. 5, we apply our results to the production of
two-jet events in eTe™ collisions, including all color and spin information. We reproduce the known
results for event shape and hemisphere mass distributions, and obtain results for observables based



on cone jet algorithms. In Sec. 6, we apply our formalism to hadronic collisions. We derive the
factorization formula for two-jet production in pp collisions, focussing on the simplest subprocess
qq — qq’. Our conclusions and outlook are presented in Sec. 7.

2 Energy and three-momentum configuration of an event

The differential cross section in any observable O is given by

.% _ 2;% S HX[QID [ (21)6 (b1 — px) 610 — fo(X)], (2.6)
X

where |I) denotes the initial state containing two particles with total momentum p; = (E¢p, 0),
|X') denotes an arbitrary final state with total momentum px, and the sum over X includes a sum
over states, as well as all final-state phase-space integrations. Finally, Q stands for the relevant
operator responsible for the underlying hard interaction.

The function fo(X) computes the value of the observable for a given final state X, and in
general depends on the four-momenta of all particles in X. The four-momentum configuration of
X can be described by its energy configuration wx (€2) and three-momentum configuration kx (2).
If X has n particles with four-momenta p; = (F;, p;), we have

wx(Q) =D E6Q-Q), kx(@Q)=> pid(Q-Q), (2.7)
i=1 =1

where Q; = Q(p;) is the direction of the three-momentum p;. More generally, we can think of w(2)
and k(Q) as the distribution of energy and three-momentum over the solid angle €2, as measured
experimentally.

To integrate over w and k, we define a functional integration measure as usual by dis-
cretization. We divide € into bins {€}, and define the set of discrete variables {wy} and {kx} as
the integrals of w(£) and k(f2) over the bins {Q},?

wy = /Q dQw(), ki = /Q dQk(Q). (2.8)
Then
Dw () = Dw () Olw ()] = [ [ dwr 0(wr) ,

2
5(2ke) — ) = [ Ikk(!2dlkk
k

)3

Dk(Q) = Dk(Q) 5[Q(k(Q)) — Q] =[] (2.9)

2m)3

e
—~

The -functional in Dw(2) restricts w(§2) to be positive, while the d-functional in Dk(Q) restricts
k() to point into the direction (2.

2This is slightly different from the usual definition of D¢ (z) for some field ¢(z), where the discrete variables
or = ¢(x) are taken as the values of ¢ at the points zx. The difference is an irrelevant overall constant. In our
case, taking the integrals is the more natural choice and makes the connection to the usual phase-space integration
simpler.



The integration measure in Eq. (2.9) still includes unphysical configurations. To only allow
physical configurations, we have to include a mass-shell condition. Taking a fixed invariant-mass
distribution p(€2) as boundary condition, we get

/ Dw(Q) Dk(Q) = / Dw(Q) Dk(2) 6 [w(2)? — k(2)* — u(2)?]
w(€)
2
-/ [To e 0t Il = ) O (2.10)

where pp = kadQ 1(€). This fixes the direction of all particles, but could include different final
states X, as long as they have the same invariant-mass distribution p(2). If we instead restrict the
integration to a state X, having n particles with masses m,;, we recover the standard n-body phase
space for X,

/X Dw () Dk(Q) = / Y /X o o )'Dw(Q) Dk(Q)
i=1 Lyeeesdin
n n 2
= [TLa: [T] W 5(w? — [kl? — m?) O(cwr)
=1 k=1

n 4,
:/H éwpfg 3(pf —m3) 0(p}) E/dfbx. (2.11)
=1

On the right-hand side of the first line, we first integrate w(€2) and k(£2) with the boundary
condition that there are exactly n particles with masses m; moving in the directions €2;, denoted
as X(Q1,...,9Qy), which is then integrated over the particle’s positions €2;. In the second line, in
the discretization only the integrals over those n bins survive that happen to contain a particle.
Together with the §2; integrations, this reduces to the standard n-body phase space for X. In the
following, we will mostly drop the dependence of w(€2) and k(2) on €2, but one should always keep
in mind that w and k are functions of 2. We will still use square brackets to denote functionals
fl] and fIK].

Returning to Eq. (2.6), we now assume that fo(X) does not depend on any internal
quantum numbers of X, but only on the four-momenta of all particles in X.? In this case, fo can
be written as a functional of the energy and three-momentum configurations,

fo = folw, k]  with  fo(X) = folwx, kx]. (2.12)

We now define an energy-momentum flow operator £# = £#(2), whose eigenvalues are the energy
and three-momentum configurations of the state |X) in Eq. (2.7),

() 1X) =wx(@)[X),  EQ)[X) = k() |X) . (2.13)

The energy flow operator £2(Q) has been used previously, for example to study two-jet event shape
distributions [150, 146, 152, 44, 157, 18] and jet energy-flow correlations [185, 184, 186, 133]. In

3Note that most information about internal quantum numbers, such as the number of b-jets, is obtained from
four-momentum information alone.



terms of the energy-momentum tensor

oL
T =" Fp—g"L, (2.14)
oot 900ud)
we can write £#(2) as [150, 18]
£M(Q) = lim R2/ dtn’ T (t, Rn). (2.15)
— 00 0

Here, n = n(Q) is the unit three-vector pointing in the direction identified by Q. Therefore, E#(2)

measures the total four-momentum arriving over time at infinity in the direction 2. An expression

for £9(Q) similar to Eq. (2.15) in terms of an integral over R for ¢ — oo was derived in Refs. [184, 84].

An explicit proof of Eq. (2.15) for £2(Q) for scalars and Dirac fermions can be found in Ref. [18].
Using Egs. (2.12) and (2.13), we can write Eq. (2.6) as

% N 2;% D AIQNX)(X[QIT) (27)*6* (pr — px) 6(0 — folwx, kx])
X

—L w Ay f(2) 8w — &° — — w
= 5 [ PPk [ 1101w ol — £k  £12O)I1) (0 ~ fole. k)

= /Dw Dk 5:% 5(0 — folw,k]). (2.16)

In the second line, we shift Q to position z, turning the momentum conservation into an integral
over x, and rewrite wy and kx in terms of £¥. This removes any explicit dependence on the final
state X, allowing us to perform the sum over all final states states >y | X) (X| = 1.

For the rest of this chapter, we will assume for simplicity that X only contains massless
particles. The extension to the general case is straightforward. In this case, fo = folw] only
depends on w, and we can integrate over k to find

do do
a0 :/Dwéwd(O—fo[w]), (2.17)
where the generic differential cross section do/dw is defined as

¥ — o A 1Q@ ol - £ Qo)

Sw  2p?
1 d*p

=— 1101 —&° I). 2.1
7 | s 1191 dl — €% Q1) (215)

In the second line, we have written the result in terms of Q(p), the Fourier transform of Q(x). (To
simplify the notation we use the same symbol for operators in position and momentum space and
simply distinguish them by their arguments.)

Equation (2.17) can be regarded as the master formula of our formalism, and its ingredients
are the subject of the following sections. We first discuss the functional fo[w] in the next section
and then the factorization of do/dw in Sec. 4. Then in Secs. 5 and 6 we show how to combine these
two elements to obtain a factorized form of do/dO for specific processes and observables.



3 Constructing Observables

The form of the functional folw] depends on the observable under consideration, and in
this section we will give a few examples of how to construct folw] for specific observables. To get
used to our notation, we start with the simple example of the total four-momentum of the final
state. Next, we consider event shapes, which are fully inclusive observables. Finally, we discuss jet
observables, which are less inclusive and defined with respect to a specific jet algorithm.

3.1 Total Four-Momentum

The total energy and three-momentum of the state X are
EX:ZEi:/deX(Q), pX—ZpZ—/dQnQ)wX(Q), (2.19)
i=1

where we used that for massless particles k() = n(Q) w(£2). Hence, we define

PHw] = / AQnH(Q) (), (2.20)

where n#(Q)) = (1 n(Q)). From Egs. (2.17) and (2.18) we get
d4P /D 54 P — Plw]) = 2110% /d4ac (11Qf (z) 6*(P — P) Q(0)|I) . (2.21)

In the second step we performed the integration over w and used that (for massless fields) P#[£Y]
yields the momentum operator P* = (P°, P)*

PH[EY] = / AQEH(Q) = lim [ dxTHO(t,x) = PH. (2.23)

t—o00

3.2 Event Shapes

Event shapes are defined with respect to the thrust axis of an event. Given a final state
X, one first calculates the thrust axis t = t(X), which is defined as the unit three-vector t that
maximizes the sum

n
> It (2.24)
=1

which runs over all particles in X. Given t, one then calculates the observable of interest. A generic
class of event shapes can be written as

FelX) = 2 3 aelnp) [oF ()] (225)
=1

4To see this explicitly, consider the current j*(z) = T””(m) (for fixed u),

dQE*(Q) = lim dt/ dSn - j(t,x) dt dx V -j(t,x) = hm dx j°(t, x) (2.22)
Rﬂoo dS(R)

where in the last step we used current conservation 9,,5*(x) = 0.
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where the rapidity 7 and transverse momentum p{ are measured with respect to t. For example,
for thrust [55, 123], jet broadening [75], and the C-parameter [111], the function g.(n) has the form

3

grmy=eM, g =1,  gc(n) = o7 (2.26)

The thrust axis can be obtained from the energy configuration of the final state, and can
therefore be written as a functional t{w]. It is defined (for massless particles) as maximizing the
integral

/ dQ |t - n(Q)] w(Q), (2.27)

which for w = wx reduces to Eq. (2.24). Using ‘p:ﬂ = FE/coshng, we can write Eq. (2.25) in terms
of w

folel = [t (e — e folort], (2.28)
with ) Q
bt = o [as2qutm) 250 (2.29)

where the solid angle €2 is decomposed with respect to the thrust axis as Q = (n, ¢¢), and ny =
tanh ™! (cos 6;).

3.3 Jet Observables

3.3.1 General Features of Jet Algorithms

A jet algorithm J acting on a final state X returns the set of momenta of all particles in
the event, grouped together into the different subsets belonging to each jet plus a set of particles
not belonging to any jet, which we take to be soft:

T(X)={{p"}1, - {0"In {06} (2.30)

In terms of the energy configuration w, we can write the action of the jet algorithm as

Jlw] = {0, .. ol ooty (2.31)
where wget is the part of w corresponding to jet i, and w*f is the remaining soft part of w not

assigned to any jet, such that A .
w= w4 W T (2.32)
We formally split the action of the jet algorithm into two distinct steps. We first define
a quantity j that contains all global information about w required to construct the individual jet
configurations w; from w. For example, j contains the total number of jets and the direction of each
jet. That is, j is analogous to the thrust axis in the case of event shapes. Hence, a jet algorithm
J provides a functional j7[w|, which returns the required information j for a given w. Second,
we define functionals J;[w;j] that project out the part of w belonging to the i-th jet. That is, for
j =Jjz|w], by definition

Jilwijgwll =, Jiwijglw]] = o™t (2.33)



11

We stress that J;[w;j] only encodes the actual projection, which is completely specified by the
specifics of the jet algorithm and the information provided by j. Thus, for a given j, J; can be
applied to any w. For example, by definition, J; satisfies the consistency conditions

jet . .
et w; for di=j
AP = 2.34
T lo] {0 i (2:34)

For simplicity, we will keep the dependence on J implicit from now on and simply write j[w].

3.3.2 Construction of Jet Observables

We can now write a generic jet observable as
folol = [ 438G =) folesi], (235)

where, in general, fo[w;j] has the form

folw;jl = folhlwiil, ..., Inlw;ill s (2.36)

and N is the total number of jets given by j. Most jet observables only depend on the total
four-momentum of each jet. In this case, using Eq. (2.20)%, we have

N
folwsi] = [H [R5 P = P g0 (Pre . Py (2.37)
i=1
The function go (P, ..., Py) computes the observable of interest from the given jet momenta P;.

It is analogous to the function g.(n) for event shapes. Some simple examples would be the total
number of jets or the invariant mass of two jets,

gv(Pr,. Py) =N, g, (P, Py) = (Pi+ P))?. (2.38)

Similar to Eq. (2.37), one can easily define observables depending on additional information about
the individual jets, for example, one can imagine observables which depend on a weighted integral
of the energies of all particles in a jet.

3.3.3 Examples of Jet Algorithms

Of course, in practice, how the action of the jet algorithm is separated into jlw| and J;[w; j]
depends on the actual algorithm, and we will briefly discuss a few examples here. Since most jet
algorithms do not have a simple analytic expression for generic final states, it will not be possible
to obtain j[w| analytically, either. However, this is not a limitation, because we can always define
jlw] by acting with the full jet algorithm on w and only returning the necessary global information.
The more relevant, and perhaps nontrivial, task is to figure out the information required in j, and
to define the projections J;[w; j] accordingly.

SFor jet algorithms, Eq. (2.20) corresponds to the so-called E-scheme, which defines the total jet momentum as
the sum of the particle momenta.
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The simplest example is probably the hemisphere jet algorithm [88, 80, 89], for which the
number of jets is always 2, and the only relevant global information is the axis perpendicular to
the plane separating the two hemispheres, which is usually taken to be the thrust axis t. Hence,
we can write j as

J=A%tr, el ={2t[]}, (2.39)

where by convention we included the number of jets in j. The corresponding projections [J; and
Jo return the two hemispheres defined by the thrust axis,

Jilw; il =w(Q)0(0 < 0 < 7/2), Dolw;j] =w(Q)0(7/2 < 0 < 7), (2.40)

where Q = (0¢, ¢¢) is given with respect to t. Note that here we have Jsw,j] = 0. Typical
observables constructed from these individual jets are their invariant masses, g M122(P1, P) = P12,2‘

Another class of observables is given by the event shapes in Eq. (2.29), for which fb [w,]] = felw, t].
A less trivial example is a cone jet algorithm [182, 136, 113, 171, 112]. In this case, the
necessary global information returned by j[w| is the number of jets N, and the direction j; of each

jet,
i= N, it (2.41)

For instance, in eTe™ collisions one can define an A-jet final state as one admitting a minimum
number N directions j; such that the total energy outside an opening half angle R about each
direction is less than some fraction €. For N'= 2, and with the additional constraint j; = —jo, this
is equivalent to the original Sterman-Weinberg jet definition [182]. For a given set j, the projections
are then simply

Tilwj] = w(@) 0(R—65,), (2.42)

where R is the cone radius and 2 = (6;,, ¢5,) is given with respect to j; for each i.

As with all observables, we require jet algorithms that are infrared safe, which is not
the case for many cone jet algorithms. An example of an infrared-safe cone jet algorithm is the
seedless infrared-safe (SIS) cone jet algorithm [171]. For illustration of our method, we will use the
snowmass cone algorithm [136, 112] as an example, however our approach can easily be adapted to
the SIS algorithm or any other infrared-safe jet algorithm.

For hadronic collisions, the variables (7, ¢), defined with respect to the beam axis, have
simple transformations under boosts along the beam direction, and so are favored over (6, ¢). In
the Snowmass cone algorithm, jets are defined by cones of constant radius R in (7, ¢) space. When
applied to massless particles, the directions j; are given by the solutions of ¢

0= a0 2 10— o] o(r— i —aGIF T 6 - 96 (2.43)

where Q = (n, ¢) is now measured with respect to the beam axis, and Q(j;) = (n(ji), #(ji)) are the
coordinates of the i-th jet direction. Equation (2.43) is the analog of Eq. (2.27) for the thrust axis.
The corresponding projections are

Jilwsj] = w(@) (R — VIn —nG)2 + ¢ — 6(i)]?) - (2.44)

SFor some configurations w, this equation can admit multiple sets of solutions j, containing a different number of
jets. This happens when there are overlapping cones, and one has to decide whether to split or merge these.
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Finally, k7 jet algorithms [66, 68, 67, 119] also fit our general definition of algorithms.
Although their definition contains a cut on some distance measure, the precise size and shape of a
jet also depends on the details of the energy configuration w. Hence, there is no simple expression for
the projections J;[w; j] for arbitrary w and j. In principle, they are well defined (albeit complicated)
for a fixed number of particles, in which case integrals over the energy configuration reduce to normal
phase space integrals [see Eq. (2.11)]. In practical applications, it is easiest to apply the algorithm
numerically.

4 Factorization of do/dw

In this section, we prove a factorization theorem for the generic differential distribution
do/ow defined in Eq. (2.18). This will allow us to separate the various scales in the problem and
write our result in terms of convolutions over simpler functions, each of which captures only the
physics at a certain energy scale. The factorization proof uses arguments similar to those used to
prove factorization for event shape distributions in Ref. [18]. The central ingredient in addition
to the usual factorization of soft and collinear degrees of freedom in SCET will be the use of the
energy flow operator £#(Q2) defined in Eq. (2.15).

When deriving the factorization formula, we will ignore all color and spin structure of
the SCET operators, and denote all collinear fields by ¢, regardless of whether they correspond to
quarks, anti-quarks or gluons. This schematic notation will allow us to focus on the issues directly
related to the proof of factorization. Of course, to obtain the full result for the cross section, the
color and spin information has to be included, and we illustrate how this is achieved when discussing
explicit examples in Secs. 5 and 6.

4.1 Matching QCD onto SCET in Momentum Space

Usually, the matching of QCD onto SCET is performed in position space by expanding
the relevant QCD operator Q(z) in terms of SCET operators O(x),

Q)= Y e 2P Cha({Bi}) Oy gy () - (2.45)

{ni,p:}

Here, Cy,,3 Oy, 5,) stands for a sum over several SCET operators with the same number of collinear
directions, each with its own Wilson coefficient. The Wilson coefficients are determined by taking
matrix elements of both sides, and expanding the full-theory matrix elements (Q(x)) in terms of
the matrix elements (O(z)) evaluated in SCET. Note also that at this point the operators include
all incoming and outgoing fields, whether they are strongly interacting or not.

The operator Oy, 5,1(z) is written in terms of (gauge-invariant) collinear SCET fields
¢np(x). Each field depends on a large label momentum pt = p~n#/2 + ]5’1 with n?2 =0 and ;| ~
O(M\p~), and has a residual = dependence corresponding to a residual momentum k ~ O(\%57), so
the total momentum of the field is p = p + k. Thus, one can think of the fields ¢, 3(x) as being
written in label momentum space and residual position space. With this interpretation, the sum
over all labels n; and p; in Eq. (2.45) corresponds to taking the remaining label Fourier transform
to convert the right-hand side to full position space.



14

This separation into discrete label and continuous residual components is conceptually
convenient when formulating the effective theory, and means that phase space is divided up as

/d4p = Z /d‘%. (2.46)

The concrete choice of the discrete labels n and p is determined by the external momenta. As
is well-known, this choice is arbitrary at subleading order in A, which can be exploited to derive
constraints from reparametrization invariance [81, 162].

However, in practical applications, especially with more than one collinear direction, the
label choice can easily get obscured during the calculation. One example is four-momentum con-
servation for two back-to-back jets with collinear momenta p; = p1 + k1 and ps = pa + ko,

/d4$ ei(ﬁ1*ﬁ2+k17k2)~x — 5]’51,’52 /d4m ei(k,‘lfkg)x — 5ﬁ1,ﬁ2+6k /d4x ei(k‘1*k’2+6k)x7 (247)

where 6 ~ O(k12). Both equations are correct and correspond to different choices of the label
momenta. Using the first equality, as is often done, may seem somewhat ad hoc, but one simply
makes an implicit choice of, say, ps relative to p;. Of course, this is only justified if ps was not
already chosen somewhere else. Furthermore, at the end of the day, one often has to recombine
some leftover label sums and residual integrations, e.g.,

Z/dkLw/dQ, (2.48)

corresponding to unconstrained phase space integrations of external particles.

With several collinear directions, keeping track of all label choices and dealing with leftover
label sums and residual integrations quickly becomes very cumbersome. To avoid all of these issues,
it is convenient to perform the matching entirely in momentum space, so Eq. (2.45) becomes

o (H ) nt s (o S0+ k) Cnp (D Opupathd) . (2:49)
{ni.pi} i

Here, Q(p) is the Fourier transform of Q(z), and Oy, 5, ({ki}) is written in terms of momentum-
space SCET fields, ¢, 5(k), which are obtained by taking the remaining residual Fourier transform

of ¢n,ﬁ(x)a
ngk) = [Ato e 6, 5(0). (2.50)
We can imagine that the matching is performed at fixed total momentum p; = p; + k;
of each field in Oy, 5,1. We then choose the field labels directly during the matching such that

n = p/ |p| for each field. With this choice, p~ = p~ = p’+|p|, p* = kT = p°—|p|, and p; = 0. This
allows us to recombine the label sums and residual integrations in Eq. (2.49) into d*p; integrals’

dp  [dpdpTdQ (p~ —p")?
S o= = [Tam T 251)

"We suppress that, strictly speaking, the integral over p should be restricted to only include collinear momenta,
which is equivalent to excluding the zero-bin region [163] from the integral.
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where 2 = Q(p) is the solid angle corresponding to the direction of p. We also keep the dependence
on the labels implicit and simply write the fields in the operator in terms of their total momentum

p7
o) = dnp(k),  O{pi}) = Op, 5y ({Fi}) - (2.52)

Hence, the final form of the matching becomes

(H / de> (2m)** (p sz) (i) O({pi}) (2.53)

where here and in the following it is understood that the Wilson coefficient C' only depends on the
directions n; = p;/ |p;| and large components p; = p? + p; of the momenta p;.

4.2 Factorization Proof

Starting from the definition of do/dw in Eq. (2.18), in the first step we match QCD onto
SCET. According to Eq. (2.53), the matching condition takes the form

Qp) = < ﬂ /(C;rp)Z > CN(pa;> Py; P15 - -, PN)

i=a,b,1

N
X O1(pa ps) Or(p1,- . -, pN) (2m)*6" (p —Pa— Db+ Zm) : (2.54)
i=1

Here, p, and p, are initial state collinear momenta, and the operator Oy is responsible for annihi-
lating the initial state. Similarly, p1,...,pn are N final state collinear momenta, and the operator
Op, defined as

N
Or(p1;---,pN) = quT(pi), (2.55)

is responsible for creating the final state. Equation (2.54) is valid in any region of multi-body phase
space that is dominated by N jets of collinear particles, corresponding to N collinear directions,
that are well separated from each other and the beam axis, i.e., the initial collinear directions p, .
The dominant power corrections to Eq. (2.54) scale like p?/p; - p;.

The different collinear fields in Oy and Op interact with each other only through the
exchange of soft gluons. These interactions are eliminated to all orders in a, and leading order in
the power counting by the usual field redefinition in SCET [29],

() = Ya(z) 61 )(x) | (2.56)

)

where Y,,(z) denotes the appropriate soft Wilson line along the direction n in the color represen-
tation of ¢, 5(z). For color singlet fields, Y (z) = 1. As usual, we will drop the superscript on the
redefined fields and operators henceforth. In terms of the redefined fields, the matching condition
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in Eq. (2.54) takes the form

N

B d4p; Ak,
Q(p) - <i:1;£,1/(2ﬂ_) ) CN(pavpbvplv e 7pN) / (27{)4
N
X O1(Pa,pp) OF (p1, - - -, pN) Os(ks) (2)57 (p —Pa— Db+ ks + Zm) : (2.57)

where the soft operator Og(ks) contains the Fourier transform of the time-ordered product of all
soft Wilson lines,

Og(ks) = /d4xe iks: “?T[ <H )] (2.58)

Having factored the operator Q(p), we next move our attention to the 6[w — E°] term
in Eq. (2.18). After the field redefinition, the leading-order SCET Lagrangian with N + 2 collinear
directions can be written as

N
Lscer = Y Li+Ls, (2.59)
i=a,b,1

where £; only contains collinear fields in the direction n;, and Ls is the purely soft Lagrangian.
Since the energy-momentum flow operator, defined in Eq. (2.15), is linear in the Lagrangian of the
theory, we have

Z EMQ) + E1(Q), (2.60)
i=a,b,1
where & () is defined analogously to Eq. (2.15), but using the energy-momentum tensor obtained
from the Lagrangian £;s only. Thus, £/(2) describes the energy-momentum flow in the i-th
collinear sector, while £§'(2) describes the remaining soft energy-momentum flow. This allows us
to write

Sw—E% = < abl/m 5?]) /Dwsé[wsgg]é[wws i w] (2.61)

i=a,b,1

Combining Egs. (2.61) and (2.57) with Eq. (2.18), and letting ®x = {pa,pp; P1,---, PN}
denote a point in (2 — N)-body phase space (with d®x the corresponding phase space measure),
do/dw can be written as

o

—1/d<1>’ d®yn O (D) Cn (P )/dw d4 H /Dw /D
5w_2p% N NUN(®PN)UN(PN ( i Ws

% (1)(0:0805) (@) K, ( H 3w —50> (s — £ (0108 Os) (@, ) |T)
i=a,b,1

x (2m)164 (@) — K )(5[w —ws — i wi] : (2.62)

i=a,b,1
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Since there are no interactions between the different collinear sectors or the soft sector in Eq. (2.59),
we can factorize the forward matrix element into a product of several matrix elements.

First, for each final state collinear sector we get the vacuum expectation value of two
collinear fields, with an insertion of §lw; — &) between the fields, which restricts the collinear
energy configuration to w;. Since the matrix element conserves four momentum, we can write it as

(01¢(p}) 6lwi — EX) 67 (pi)|0) = (2m)*6* (0} — pi) T (pi wi) , (2.63)

which defines the momentum-space jet function J(p;;w;). Integrating both sides over p;, we obtain
the equivalent definition in position space in terms of the standard fields ¢y, 3(z),

J(pi; wi) = /d493 M (0], 5, (@) Sy — 7] &Y, 1, (0)]0) . (2.64)

Momentum conservation implies that J(p;w) only has support for configurations w that satisfy
Plw] = p, where P[w] is defined in Eq. (2.20). One can also define a jet function J(w) =
[d*p J(p;w), which has support for any (physically allowed) w, but we find it conceptually and
notationally easier to keep the total momentum of w as an explicit separate argument.

At leading order in the power counting, any hadron in the initial state is bound by collinear
interactions only, and thus does not interact with the soft sector. Hence, we can factor out the soft
matrix element,

(01O (kL) 8lws — 7] O (ks)[0) = (2m)*8* (K, — k) (27)*3(ks — Plws]) S(ws) , (2.65)

which defines the soft function S(ws), and we again used momentum conservation. Note that Og
and S depend on the NV + 2 collinear directions with respect to which the Wilson lines are defined,
which is hidden in our notation. The soft function S(ws) is defined with support for any physical
ws, and the total soft momentum is given by ks = Plwg].

The remaining initial state matrix element can be written as

(11O DL, 1) lwa — E2) 8wp — E) O1(pay p)| 1)
= (2m) 0% (pl, — pa) (27)2 6 (D) — ) I (Pa> Pb; War wh) (2.66)

and defines the initial-state function I(pg,py; wa,ws). In writing Eq. (2.66) we already used that
the matrix element will factorize for the two collinear sectors, which allows us to write two separate
momentum-conserving ¢ functions. As for the jet function, we choose to keep the momenta p,
explicit in the definition of I(pg, pp; wa,wp), so its support is restricted by momentum conservation
to Plwg + wp] = pr — pa — po- For eTe™ collisions, the initial-state function reduces to a calculable
leptonic matrix element, as discussed in Sec. 5.1. For hadronic collisions, it can be reduced to
parton distribution functions, but also allows one to treat the underlying event or beam remnants,
as discussed in Sec. 6.2.

Combining Egs. (2.63), (2.65), and (2.66) with Eq. (2.62), we can perform the integrals
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over all primed momenta, and arrive at

d*p; dip, dipy
D 1 1y W D CLD I as yay
5o = 7 <H/ wi J(pi; w))/(%)4 (@)t e D 1(pa poi s )

X ICN(pa,pb;p1,--.7pN)|2/DwsS(ws)

x (2m)"5t (pa T~ Plis] - i:p) 5 [w e 3 wz] | (2.67)

i=a,b,1

As anticipated, the fully differential cross section do/dw is given by the product of a hard coefficient,
\CN|2, N jet functions, J(p;;w;), an initial-state function, I(pg,ppy;wae,ws), and a soft function,
S(ws). Note that there are no power corrections to Eq. (2.67) other than from higher-order SCET
operators in the matching of QCD onto SCET and higher-order contributions to the Lagrangian,
which could in principle be included systematically. One should keep in mind that this factorization
is purely academic at this point, because all ingredients depend on the precise energy configuration
in each sector of the theory. The energy configurations are obviously very different for partonic
and hadronic states, and therefore the functions J, I, and S cannot be calculated perturbatively.
One should think of them as fully exclusive functions.

The importance of Eq. (2.67) lies in the fact that it establishes factorization for a generic
N-jet like kinematic configuration. In our formalism, the question whether the cross section do/dO
for a particular observable factorizes is two-fold. First, a given value of the observable has to
be dominated by factorizable kinematic configurations. If this is the case, one can immediately
obtain a factorized form for do/dO from Eq. (2.67) via Eq. (2.17). This means that any jet
observable (meaning any observable whose definition restricts it to N-jet configurations) is formally
factorizable. The second, and more important, question then is whether one is able to determine
the relevant functions, J, I, and .S, for a given observable.

For sufficiently inclusive observables, the jet functions, J(p;;w;), will be smeared enough,
i.e., integrated over w; with a sufficiently smooth weight function, such that we can trust their
perturbative calculation. Similarly, the soft function, S(ws), and (for hadronic collisions) the initial-
state function, I(pq, py; wa,wp), have to be smeared enough (integrated over w, and w, ) to reduce
to nonperturbative functions that are universal between different processes. For such observables,
one obtains a factorization formula in the more traditional sense, which allows for the perturbative
calculation of all ingredients, with the exception of maybe a traditional soft function or initial state
parton distribution functions.

To study the structure of the factorization for a specific observable, and obtain explicit
definitions of the relevant jet, soft, and initial state functions, it is usually required to also expand
the kinematics of the process, because Eq. (2.67) still mixes momentum components with different
scaling in SCET. In this way, one obtains a result that formally is fully leading order in the power
counting. As discussed above, with our choice of field labels the components p;” = PV & |p;i| are
defined with respect to the direction of the momentum p; itself, so p;; = 0 and n; = p;/ |pi|. Since
p; > p;, to leading order the phase space in Eq. (2.51) is

d*p; _ [dp; dp+ dQ; (p; )2
[ami= [T (2.68)
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Furthermore, expanding the momentum conserving § function, we find

N
_n _ny
54<pa+pb E pz> —54<pa 5 TP 2” - p; 2>. (2.69)

i=1

Equation (2.67) together with Egs. (2.68) and (2.69) provides the final factorized form of
the fully differential cross section do/dw for N jets, and is the main result of this chapter. In the
remaining part of the chapter we will show how to use this result to understand the factorization
properties of several observables. We will focus mostly on simple two-jet final states, for which the
kinematics is simple enough to explicitly perform all phase space integrations analytically. All our
examples, however, follow directly from our general result, and the extensions to more complicated
final states should be obvious.

5 ete ™ — 2 Jets

In this section, we show how to apply the result in Eq. (2.67) to the simplest case of two-jet
events in eTe™ collisions. The analysis simplifies considerably because of the absence of strongly
interacting particles in the initial state, and due to the back-to-back nature of the jets and the
corresponding need for only a single collinear direction, e.g., the thrust axis. We first give explicit
definitions of the operators O, O, and Og, including all relevant spin and color information,
and then define all the ingredients in the factorized form of do/dw. We then apply this generic
formula to the special cases of event shape observables in the limit e — 1 and to hemisphere jet
masses, whose factorization is well understood [146, 152, 149, 44, 47]. Factorization for the former
was proven using SCET in Refs. [157, 18] and for the latter in Ref. [124], and we show how to
reproduce these results. We then consider the factorization of generic observables defined for cone
jet algorithms, and obtain the definition of the relevant cone jet functions and cone soft function.
In SCET, cone jets were previously discussed in Refs. [26, 24, 187] using Sterman-Weinberg cones.

5.1 Generic Expression

For eTe™ — 2 jets, including the full spin and color information, the three SCET operators
entering the matching in Eq. (2.57) are®

O (Pa, pb) = €(—pa)y"'e(pp) »
OF,u(phPQ) Pl)’mX (=p2),

/ diz e TV (2) Yo (o)) (2.70)
where x“(p) = [W¢]°(p) denotes a noninteracting collinear quark field of color ¢ and charge e Q;

(where f denotes the flavor), moving in the p/|p| direction. Note that we are distinguishing particle
and anti-particles by the sign of the momentum argument on the field. The soft Wilson lines along

8We only give the result for an intermediate photon here, and include the Z boson contribution later.
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an outgoing collinear direction are”

Yi(z) = Pexp [igs/ dsn-Ag(x+sn)|, (2.71)
0

where P denotes path ordering. The Wilson coefficient at tree level is given by

ie? Qy
2pa Py

Co(pa, Po; P1,P2) = [1+O(as)] . (2.72)

Since the initial state is not strongly interacting, the initial-state function in Eq. (2.66),
including the average over initial spins, reduces to

I (P, Db Wa,r wh)

13 [ S (et feahe(pl) e — €018 — 5] pa el )

spins

= (2m)*6(pa — pe+) (27T)45(pb — Pe-) Olwa] Slwy] L*, (2.73)
where p,+ are the momenta of the incoming leptons and
L = pb pl 4+ plpl — g (pe-pe+) (2.74)

is the well-known leptonic tensor. Note that as we do not consider any initial state radiation from
the incoming leptons, £Y op = 0 in Eq. (2.73).

Using ¢(p1) = x5 (p1) and ¢(p2) = )_(%(—pg) in Eq. (2.63) (where «, (3 are spinor indices),
the quark and anti-quark jet functions become (with the sum over spins implicit)

4,/
St = [ G O 00 olor — ) xao0]0) = 0% (5F) | Sowiwn). (275)
T80 = [ G2 (R (-8) O — E i -l0) = 674(2) | i)

where the spin-singlet and color-singlet jet functions are defined as

4,1
J(p1;w1) = 41]\70/ (; p14 tr(0|7#1x(p}) 6[wr — &y X(p1)]0),

4./
7 _ ((;:)24 tr (0 x(—ph) 0wz — €3] ftax(—p2)|0) . (2.76)

Here, tr denotes the trace over spin and color indices and N, is the number of colors. At lowest
order in perturbation theory, we have J(p;w) = J(p;w) = 27 5(p™) 0(p~) §[w(Q) — p° (2 — Q(p))].
From Eq. (2.65), the soft function is defined as

) s 1 [d*%. d* >
d'c’cd s s d'c cd
Sy (s) = Nc/(27r)4 (2m)1 (0]OF™ (ko) dlws — £ 05'(ky)|0) (2.77)

9For a discussion of the different choices of boundary conditions for in- and outgoing Wilson lines see for example
Ref. [9].
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where we made explicit the dependence of S on the directions n1 2 of the Wilson lines in Og, and
the factor 1/N, is included by convention. Contracting with the trivial color structure of the jet
functions in Eq. (2.75), we obtain the color-singlet soft function

Sy (ws) = 69¢ 670 S0 (w,) = Ni tr(0| T [(V;1, Y, )(0)] S[ws — E T[(V;], V2, )(0)]]0) . (2.78)

Since the spin structure of the jet functions in Eq. (2.75) factorizes, we can contract all
vector and spinor indices,

7t v (2
L (7)a/a%ﬁ5 ( 2 ) W’nga' = B¢y (1 = cosfy cosby), (2.79)

where Fp, is the total energy and 01 are the angles of p1 2 with respect to the eTe™ beam axis in
the center-of-mass frame. Thus, combining all pieces with Eq. (2.67), we find

o 87r2a2 Q?ﬂ Nc d4p1 d4p2 =
= N /(2ﬂ)4 Duw; J(pl;wl)/(%r)4 Dws J (p2; wa)Ha(p1,p2) (1 — cos 01 cos 2)

X /Dws Snlnz (Ws) (27T)454(pe+ + De— — P[ws] —P1— p2) 5["‘) — W1 — W2 — Ws] ) (280)

where the hard coefficient Ha(p1,p2) = 1 4+ O(as) is defined by

Ao Q
EZu

9 2
|Co(pe+, Pe—3 01, P2)] =( ) Hs(p1,p2) - (2.81)

Equation (2.80) specializes Eq. (2.67) to generic 2-jet configurations w in eTe™ collisions.
Next, we expand the kinematics. Using Eq. (2.69), the momentum conserving ¢ function
becomes

Al — Me+ _ My _ny _No
e T h )
8 _ _
=5 d(p; — Eem) 0(p3 — Eem) 6(cos By + cosba) 6(p1 — ¢ — ), (2.82)

cm
where as before in the center-of-mass frame p; = p.+ + pe— = (Eem, 0). The § functions allow us
to perform the p, p;, and Q» integrations in Eq. (2.80), and imply that p; and py are back-to-
back, as expected for two-jet events. In particular, n; = —n», so we can write p; 2 in terms of the
components (p™,p~,n) as

b1 = (p;r’ Een, n(Q)) ) b2 = (p; Ecm, _n(Q)) ) (2'83)

where Q = (6, ¢) = Q) describes the orientation of the momenta relative to the beam axis. We also
write Spyny = Sp(q). Similar to the Wilson coefficient C, the hard coefficient Ho (p1, p2) does not
depend on the small momentum components pr. Since p; = Eem, we define Hy(Eem) = Ha(p1, p2).
Combining everything with Eq. (2.80), using Eq. (2.68), and writing the momenta in terms of their
components, we have

do dQ [dpf i ' dpg = 4 )
a = H2(Ecm) /27r /27T Duw, J(p1 s Eem, n(Q)M«Ul) /27T Dws J(p2 s Eem, —n(Q),WZ)
do
X dcozé /Dws Sn(e)(Ws) 6w — w1 — w2 — ws, (2.84)
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where

dO-O 71-042 2 2
= ——N, 1 2.
dcosd ~ 2E2 Q7% (1 + cos™ 0) (2.85)

is the Born differential cross section. The exchange of a Z boson can be included by using

doo__ mo? o [[op 2ve0sQp (w2t ad)(vjtap)
deosf — 283, UL 1-mg B2, (1 m3/E2,)

4aean30 SUeaevfaf :| }
+ — cosb ;, 2.86
T e (256

](1 + cos? 0)

where v, s and a, ; are the standard vector and axial couplings to the Z.

Equation (2.84) is the penultimate formula for generic observables in ete™ — 2 jet events.
Each of the ingredients in Eq. (2.84) is a completely exclusive object that depends on the energy
distribution of the individual partons. The details of how to integrate over the energy configurations
to arrive at perturbative jet functions and a universal soft function depend on the observable in
question, but since all observable independent simplifications have been done, a wide range of
factorization theorems can now be obtained with relative ease. We illustrate this with a few
examples in the following subsections.

5.2 Event Shapes in the Limit e — 1

Combining Eqgs. (2.17) and (2.28), the differential cross section in some event shape e is

jz_/dt/Dng(S(t—t[w])d(e—fe[w;t]). (2.87)

For e — 1, the final state is dominated by two highly collimated jets, and hence, we can use the
result for 0o /dw in Eq. (2.84). The integration over w is trivial and sets w = w1 + wa + ws. Since
w1 2 describe collinear energy configurations along +n(2), we have tlw; +ws +ws] = n+O()\?) [18].
This allows us to integrate over t,

do d<2 dp+ dp+ B
= HaEen) [ 57 [T Der T, Bemin(@)s1) [ T2 Do TpF, By ~n()12)
do
* Toosd /Dws Sn()(Ws) (e — felwr + w2 +wsin(Q)]). (2.88)

From Eq. (2.29), we see that fc[w;n] is linear in w, from which it follows that we can write
felwr + w2 + ws;n] = felwi;n] + felwa;n] + felws; n]. This implies

0(e — felwi +wa + ws;n]) = /d61 degdesd(e —e1 —ea — )
X 5(61 - fe[wl; n]) 5(62 - fe[w% n]) 5(63 - fe[ws; n]) ) (2'89)

which separates the w dependencies in Eq. (2.88). We stress that this is not a requirement for
the factorization of do/de, as demonstrated by Eq. (2.88). In fact, the full event-shape functional
felw] = felw,t[w]] is not linear in w and does not obey a similar separation, because t[w] is not
linear in w. The crucial ingredient for the factorization is the linearity of the energy-momentum
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tensor and the resulting separation of the energy flow operator in Egs. (2.60) and (2.61). However,
without Eq. (2.89) the jet and soft functions depend on the full energy distributions w;, and are
therefore neither perturbatively calculable, nor universal enough to be extracted from data. The
important point about Eq. (2.89) is that it allows us to perform the w integrations in Eq. (2.88),
and to define inclusive event-shape jet and soft functions

dpt
Her) = [ G D I B mien) 8er — foiniml)

n
J(es) = /dp2 Dwo J(p2 y Eem,n;wa) 6(e2 — felwo;n]),
S(es) /Dws (ws) — felws;n]) . (2.90)

With the definitions in Egs. (2.76) and (2.78), these are identical to the definitions given in Ref. [18].
For J(eg) we used that f.[w,n] = f.[w, —n] because the sign of the thrust vector is irrelevant. By
rotational invariance, after integrating over wi 2, the jet functions J(ey), J(e2), do not depend on
the value of n on the right-hand side. This would not be true if the thrust axis n in f.[w;n] would
be different from the momentum direction n in J(p™, Fey, n;w). Similarly, after integrating over
ws, the soft function S(ey) is independent of n, because the direction of the Wilson lines in Sy, (ws)
coincides with the thrust axis. Thus, using Eq. (2.90) and integrating over €2, we obtain the final
result

%‘Z — Hy(Eem) 00 / der des ey J(er) J(ea) S(es) dle — e1 — ea — 3) - (2.91)

where og = [dcosfdog/dcosf is the total Born cross section. Equation (2.91) agrees with the
result of Ref. [18].
5.3 Double Differential Hemisphere Mass Distribution
Combining Egs. (2.17) and (2.37), the double differential hemisphere mass distribution is
A /d4P /d4P & 5(M? — P?)5(M2 — P2) (2.92)
dMZdM3 ! Pdipiatp t L YRR AR ‘

where the cross section differential in the total momentum of each jet for the hemisphere jet
algorithm is

d?o

P dip, /dt /Dw5 (t — tlw]) 6*(PL — P[J1[w; t]]) 6 (P2 — PlJa[w; t]]) - (2.93)

Here, Plw] is given in Eq. (2.20) and J;[w;t] in Eq. (2.40). Combining these we have

P#

hemi 1

[wit] = P*[J1|w; t]] = /dQ nf(Q)w(Q) (0 < Oy < 7/2),

Pl lwit] = P Jlwt] = /dQ n(Q) w(Q) (/2 < 0y < 7). (2.94)
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In general, Eq. (2.93) will receive contributions from final states containing several distinct collinear
momenta, corresponding to SCET operators with N > 2. However, if the final states are restricted
to the kinematic region of small hemisphere invariant masses M? = P? ~ O(A\2EZ,), corresponding
to two collimated jets, the operator with N = 2 collinear dlrectlons gives the dominant contribution,
with the corrections suppressed by powers of A. Thus, we can apply the result for do /dw in Eq. (2.84)
in this region.

The integral over t can be performed as in the previous subsection, which sets t = n +
O()\?). As Eq. (2.94) is linear in w, we then have

Phemii[w; n] = Phemii[wl + w2 + wy; 1’1] = Phemii[w1§ Il] + Phemii[w2; n] + Phemii[ws; Il] . (295)

To understand the size of Phemis[w;] for i = j and i # j, we need to think about states in SCET in
some more detail. Since the direction n labelling the collinear fields in SCET is a conserved quantum
number, there exists a basis for the physical states which have a fixed value of n as well. This implies
that for a given SCET state with momentum p, one has to identify the value of the direction n as
well. Of course, to have the same final states as in full QCD, one needs ,, |p, n)SCET — |p)QCP.
i.e. one has to be careful not to double count the physical states. Certainly, a convenient choice
is to define the SCET states such that for every momentum p there is only a single value n. For
our problem, the simplest choice is to assign the label n; = (1,n) to all states with momentum in
hemisphere 1, and ng = (1, —n) to all states in hemisphere 2. This choice implies

Phemiilwjzi;n] =0 and  Phemiilwi;n] = p;, (2.96)

where p; = Plw;] is the total momentum of w;, ie the momentum in J(p;;w;). The power
counting of SCET implies that ¢; = Phemisi[ws] ~ A2E2,,, where /; can be interpreted as the total
soft momentum in each hemisphere. Thus, using Eq. (2.83) we can expand

M? = P?=p? +2p;i - l; + 07 = Eem(p]” + ;- ;) + ON'EZ). (2.97)

Since our observables M? only depend on p;r and n; - £;, we can do the remaining integra-
tions in Eq. (2.84), and define the corresponding jet and soft functions

J(Ecmp;r) = omE /le J(p;raEcman;wl)7
cm
j(Ecmp;) = o E /DWQ J—(P;?Ecm?n;wz),
cm
Sherm €1 7€ /Dws ws e —n 'Phemil[ws§ Il]) 5(63— - nQ'PhemiZ[ws§ Il]) . (298)

Again, after integrating over w2, the jet functions, J(p?) and J(p3), and the hemisphere soft
function, Shemi(ﬁf,ﬁg ), do not depend on n due to rotational invariance. The SCET hemisphere
soft function has been discussed previously in Refs. [124, 132, 125, 130]. The above definition
provides an operator definition of Shemi(¢7,¢3) in SCET, and is equivalent to the definition in
Ref. [152]. Putting everything together, we obtain for the double differential hemisphere mass
distribution

d?o

2 )
i = B Een) o At At JOEE — Bt OB — Eont) Sromi(€],6) . (299)

which agrees with the massless limit of the result in Ref. [124].
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5.4 Two-Jet Cone Algorithms

As the last example in this section, we consider the cross section for two-jet final states
obtained from an infrared-safe cone jet algorithm. Since the discussion follows closely that of
the previous two subsection, we keep it short, mainly highlighting the differences. Combining
Egs. (2.17) and (2.37) with N' = 2 we have

d .o oo . . ..
% = /dh djs /Dw ié(h —J1[w]) 62 — j2[w])
X /d4P1 54(P1 — Peonelw; j1]) /d4P2 54<P2 = Peone[w; J2]) (0 — go(Pr, P)) , (2.100)

where j;[w] denotes the i-th jet direction returned by jlw], and the functionals for the total jet
momenta are now defined for example using Eq. (2.42)

Plyelwi) = P l) = [ a0 (@ w(@)0(R - 6;). (2101)
As before, Eq. (2.100) receives in general contributions from operators with NV > 2. However, if the
final state is restricted to two jets with small invariant masses, M? = P? ~ O(A2EZ,), the result
for do/déw in Eq. (2.84) for N = 2 gives the dominant contribution, with corrections suppressed
by powers of A\. The restriction on the kinematics of the final state is now provided by the jet
algorithm, or by the combination of jet algorithm and observable.

For a good jet algorithm, the result of j[w] should not depend on ws up to power correc-
tions. This is equivalent to the requirement that the jet algorithm should not be infrared sensitive.
Furthermore, since w; describes a collinear energy configuration along n;, by a similar argument as
in the case of thrust, up to power corrections, the direction of the jets is aligned with the direction
of the collinear fields. Therefore,

ji[wl —+ wo + ws] =n; + O()\k) . (2.102)

The power of k depends on the details of the algorithm, e.g., for the hemisphere jet algorithm,
where j is the thrust axis, we had k = 2.

To define the states in SCET, we assign the label n; to states with momentum lying in
the i-th cone, so there is again no overlap between states with the same momentum but different
n inside the cones. The precise definition of states with momentum outside any of the cones is not
important at this point. With this definition, Peone[w;-;;1;] = 0, and since Eq. (2.101) is linear in
w, we have

Pcone[wl + w2 + ws; ni] = Pcone[wi; ni] + Pcone[ws; ni] =q +4;, (2103)

where ¢; = Peone|wi;n;] and ¢; = Peope[ws; n;] are the total collinear and soft momentum in each
cone. Equation (2.102) implies that ¢; +¢; are aligned along n; up to power corrections. In addition,
note that ¢;- = qii(R) is a function of the cone size R (and the used jet algorithm). For R = 7
the cones become hemispheres, and thus qfc (m) = pzi, while at lowest order in perturbation theory,
qii(R) = pii — O(as). Thus, for large enough R, qii/pii ~ 1 with the corrections calculable in
perturbation theory. (Generically, we expect the perturbative corrections to contain logarithms of
m/R. Similar phase space logarithms have been studied for the case of Sterman-Weinberg jets in
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Ref. [187].) Hence, as qijE obeys the same power counting as p;-t for reasonable R, any observable
that does not vanish at leading order in the SCET power counting can be written as

go(P1, P2) = gola + ¢, a7, a5 + (5 ,q5 ,n) + O(\™), (2.104)

where, m is not necessarily the same as k and also depends on the observable.
Since Eq. (2.104) only depends on qii, the result for do/dO can be expressed in terms of
the cone jet and soft functions
dp

+
Jcone(qra(h_) = /Q;DWI J(piercman;Wl)(S(Q1+ - nl'Pcone[wl;nD(s(QT - n2'Pcone{w1;n])a

- _ dps - _
Jcone(QJaQQ ) = /ZP; Dwy J(p;—, Ecn, n;WQ) 5(‘];_ - nl‘Pcone[W% nD 5(Q2 - n2'Pcone[W2§ n]) )

Seone(F, 63 = / Doy San(ws) S(EF — 11+ Pronelewss n]) 8 (6 — nz- Pronews: =) (2.105)

where as before n12 = (1,£n), and the functions on the left-hand side do not depend on n.
Combining Eq. (2.84) with Eq. (2.100) and using the above definitions, we obtain the final result
for the factorized differential cross section

do dQ doy Lo Lo -3 + -
0 = Hz(Eem) / 5= Toos 0 / dg;" dg; Jeone(qi 5 q1 ) / dgy dgy Jeone(qs 95 )

X /d@ dly Scone(€17:43) 6(0 — go(af + 4,47, 45 + 63,45 ,n(%))) - (2.106)

To our knowledge, factorization for jet distributions has not received much attention in the literature
(however, see Refs. [187, 144]), and this is the first time any factorization theorem for jet observables
based on jet algorithms has been proven in the framework of SCET.

For many observables, such as the transverse momentum distribution, the dependence on
the soft momenta and the small components qi+ is power suppressed, which allows us to integrate
over these to obtain

do dQ doyg

— = Hy(BEep el
dO 2( ) 21 dcosf

/dq1 Jcone(q;) /dQQ jcone(qg) Scone 5(0 - QO(C]L QE, n(Q))) y
(2.107)

where [ dITdl™ Seone(I™,17) = Scone is perturbatively calculable up to small power corrections and
we defined

Jeome(qT) = / gt Teomelatrar) s Jeoneldy) = / dgf Jomelas a3).  (2.108)

6 Towards pp — 2 Jets

In the previous section we have focused on two-jet production in eTe™ collisions. In this
section, we extend these results to include hadrons in the initial state. Jet production in hadronic
collisions is in several ways more complicated than for eTe™ collisions. First, there are several
different partonic processes contributing to pp — 2 jets. Second, the operators describing the short
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distance process now contain strongly interacting particles for both initial and final states, giving
rise to a more involved color and Dirac structure. Finally, there are several additional matrix
elements required to describe the long distance physics. These are the parton distribution function
describing how the initial state partons are distributed inside the incoming proton, as well as new
soft functions.

In this chapter, we will only consider the simplest partonic process q¢’ — qq’, and work
only to tree level in the matching from QCD onto SCET. This simplifies the discussion dramatically,
since only a single operator contributes at this order. Furthermore, due to the absence of gluons in
the initial or final state, the only additional nonperturbative ingredients are the parton distributions
of finding a quark inside the proton and the new soft function. The complete analysis of pp — 2
jets is considerably more involved and will be discussed elsewhere [22].

6.1 Matching onto SCET at Tree Level

At tree level, only a single operator is required in SCET to describe the partonic process
qq' — qq', schematically

O(Pas Po; P15 12) = Ca(Da, Py D1, 02) O1(Das Pb) OF (p1,2) Os(ks) , (2.109)

where we define the Wilson coefficient Cy4 to contain all the kinematic and Dirac factors. The
operators Oy, Op, and Og are defined as

O 5(Pa Pb) = X (Pa) X5 (p0)
O;fya(pl,pz) = X5(p1) X(J;(Pz) ;
05T (ky) = / Atz e kT TV TAY,, ) () (Y, TAY,,) ()], (2.110)

where subscripts denote spinor and superscripts color indices. The Wilson lines for the outgoing
fields are defined as in Eq. (2.71), while for the incoming fields they are

0
Y, (x) = P exp [igs/ dsn - Ag(x + sn)| . (2.111)

—o0
The Wilson coefficient is given by

22
ig
Ca(pa; py; p1,p2) = 75 (Y )va (Vu)sg » (2.112)

where we stress again that we are only working to tree level in the matching. The variable ¢ is one
of the usual Mandelstam variables defined in terms of the partonic momenta

§=pat+m)?, t=ma—p1)’, A= p.—p2)’. (2.113)

6.2 New Nonperturbative Matrix Elements

There are two sources of additional matrix elements which cannot be calculated perturba-
tively. First, the operator O now includes strongly interacting degrees of freedom, and the matrix
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elements involving the initial state protons are no longer calculable. Second, the soft operator
contains four Wilson lines, rather than just two as for e*e™ collisions. This implies that a new soft
function is required. In this section we define all required nonperturbative matrix elements needed
for the process pp — 2 jets via the partonic process q¢’ — q¢’.

Since the initial state hadrons are moving along different light cones, they are described by
two sets of SCET Lagrangians which do not interact with each another. Therefore, the physics of the
two initial states completely factorizes, in the same way as the final state partons in different direc-
tions factorize from one another, and we can write |I) = |P,) |P,) and Or(pa,ps) = O%(pa) 04 (ps),
such that we can factorize the initial state matrix element as

(I|O} (Pl Ph) Olwa — E2) Slws — E9] O (pa, py)|1)
— (PO (1)) 6[wa — E21 O% (pa)| Pa) (P| O (1)) Sl — ED] O%(py) | ) - (2.114)

For the case considered here, the operators 0% and O% contain just a single quark field, (O%)¢, =
X% (pq) and (O?)g = Xflg (pp). The resulting matrix elements define the parton distribution functions
to find the quarks ¢ and ¢ in the initial protons Py .

tha

APy 0], c =L e
/<Pa|><a/(pa)5[wa — EalXa(pa)|Fa) = o’ ( 2

(2m)*
and similarly for f,, p(pp;wp). (Note that since we are distinguishing particles and antiparticles by
the sign of their momentum, there is no anti-quark distribution on the right-hand side.) Combining
these results gives the initial state function

)aa’ fq/P(pa;wa)v (2115)

J U 1 / U 77£ /Iﬁb
d'd . _ d'd . .
(ifcaﬁ'g(]?ajpb,wa,wb) = TNCQ 0“6 (f)w/ (5)%, fq/P(paywa) fq’/P(pbvwb)' (2.116)
In most cases of experimental interest, the observable is independent of w,; and the plus- and
transverse components of the collinear momentum, which means we can integrate over these to
obtain the standard parton distribution function [91, 20, 160]

d*p, _
fq/P(:Ba) = /(27_‘1_9)42)(")(1 fq/P(pa;wa) 5(pa - xaECm)? (2117)

while everywhere else up to power corrections we can use

% . o= 2Bem 2, (2.118)

Pa = TaFem 9

with n, = (1,np,) and n, = (1,np,) now aligned along the direction of the incoming protons.
While the dependence on w in our generalized distributions f,,;(p;w) is not of relevance
for most processes of interest, it describes the energy configuration of the remnant of the proton
after the hard scattering. Thus, this matrix element provides a field-theoretical definition of the
beam remnant. In particular, this means that the effect of the beam remnant is properly taken
into account in our factorization proof in Sec. 4. In principle, operators O; with more than one
collinear field in the directions n, and n; can be included as well, and would describe multiple
scatterings of partons originating from the initial protons. These additional hard scatterings give
rise to what is usually referred to as the underlying event [178, 176]. Thus, these effects are also
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taken into account in our factorization proof. Moreover, our formalism provides a field-theoretic
basis to study the underlying event. The details are left for future work.

Since we only work to tree level in the matching from QCD to SCET, there is only a single
soft function required for the process q¢' — qq’. After contractlng with the color structures of the
initial state function and the ¢ and ¢’ quark jet functions J (pla w1) and J5,5 (p2;w2) (defined in
the first line of Eq. (2.75)), we obtain

2 d4k:' d*k, ce e
Snanbmnz(‘%) = N.Cp /( ) (27T <O‘OT 7 k/)é[ 50 O fd |0>
2 il Y ce
= o SO FLTEYa)*(0) (V] 7770 <0>} Slws — £J]

x T[(Y;] T4Y,,,)°(0) (Y, T4Y,,,)74(0)]]0) . (2.119)

6.3 Generic Expression

Combining Egs. (2.67), (2.75), (2.112), (2.115) and (2.119), the ¢¢’ — q¢’ contribution to
do /dw for 2-jet production can be written as

jo 1 dipi o 1 _ o) T(1: 01) T (po:
Sw _ 9E2 | I (2m)1 Wi ANZ fq/P(paaWa) fq’/P(pbawb) (p1;w1) J(p2; w2)
M Nj—a,b,1,2 ¢

X Hy(pa, pp; p1,D2)

a /Dws Snanbnlnz (ws)
X (27r)4(54(pa + pp — Plws] — p1 — p2) 0w — wq — wp — w1 — wo — ws) , (2.120)

where (at tree level in the matching)

4 1 2 4
Hy(pa, pyip1,p2) = i tr{ayurtiyy] *trWW“%ﬂ ] = fg; (ng-np n1-ng +ng-ng np-ny). (2.121)

As discussed before, most observables are independent of the energy configurations w,
and wy, i.e., folwg + wp + w1 + wa + ws] = folwi + wa + ws]. Therefore we can drop these beam
remnant configuration in the ¢ functional for w and integrate over them in the parton distribution
functions. Furthermore, inserting

1=F2% /d:z:a/ A2y 6(p;, — TaBem) 0(py, — TpEom) » (2.122)

and using Eqgs. (2.117) and (2.118), the expression for do/dw becomes

4 4

o Cr 1

d*p d*po
5% = 16N, J, dzg dzy fo/p(Ta) fq//P(ﬂfb)/W Dun J(p1§wl)/(27r)4 Duws J(pa; wa)
Ng n
X Hy (Ecmxa 77 Ecmxb ?b;pl)pZ /Dws Snanb"1n2 (ws)

X (27‘(’)454< cmLa +Ecm$b

> 2 — Plws] — p1 —pg) Ow — ws — w1 — wa], (2.123)
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where ngp = (1, nPa’b) are now aligned with the directions of the incoming protons. As in Sec. 5,
this can be simplified further by expanding the kinematics. After some algebra, we obtain

dpT _
/ / dxadwb/ Dwy J(pf,py ,n1,w1)/2p; Dws J(p3 , py , Na; wo)

do
X fq/P(xa) fq’/P(37b> dc0809 /Dws Shanyning (Ws) 6w — ws — w1 — wo] (2.124)
P

where the angular integral is defined in the center-of-mass frame of the partonic collision. Both
the large p,; components and the directions n; are functions of the partonic center-of-mass angular
variables, ), and the energy fractions of the incoming partons, z,;. They are defined by

Eem
Py (Qp, xa, 1) = T = [2a(1 + cosBy) + zp(1 — cos b,)] ,

Py (D, Ta, 7p) = — [ (1 — cos b)) + xp(1 + cos b,)] ,

n;(Qp, x4, zp) = n(Q;), (2.125)

where Q; = (0;, ¢;) are given by

Zq(1 4 cosby,) — xp(1 — cos b))
9 — =
cosTL 2q(1 4 cosby) + (1 — cosby)’ 1=
Zq(1 —cosby,) — xp(1 + cos b))
= = . 2.12
cos bz Zq(1 — cos b)) + xp(1 + cosby)’ 2= p T (2.126)

Finally, the differential cross section dog/d cos ), is given by

doy ma2Cr 1 4+ (14 cosB))?

= , 2.127
dcosb, 2N. zqap B2, (1 —cosb))? ( )

which agrees with the well known expression in terms of the Mandelstam variables 3,1, 4
dUQ_WCk?CF § 4402 (2.128)

di N, 22
6.4 Jet Observables

As an example how to use Eq. (2.124), we derive a factorized cross section for infrared-safe
cone jet observables, which was also studied in Ref. [144]. The required steps are very similar to the
derivation given in Sec. 5.4, and we only highlight the differences that arise from having protons in
the initial state. First, do/dw depends on the parton distribution functions fq/p(24) and fg,p(2s).
Second, while for eTe™ collisions one often uses the variables # and ¢ to denote the direction of jets,
in pp collisions it is more appropriate to use the rapidity instead of the angle 6, due to the easier
transformation properties under boosts along the beam direction. This gives cone jet functions
Jeone that have exactly the same form as in Eq. (2.124) but use the corresponding cone projections
in place of Eq. (2.42) to define the functionals Peone|w; ji| in Eq. (2.101). The final difference is that
the cone soft function now explicitly depends on the orientation of the directions n; relative to the
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beam axis, since it contains Wilson lines in both the directions of the incoming protons and the
outgoing jets. In particular, this implies that the nonperturbative physics described by this cone
soft function depends on the rapidities of the outgoing jets. The experimental determination of the
soft function is thus considerably more difficult for hadronic collisions than for e*e™ collisions.

Keeping in mind these differences, we can follow the same steps as in Sec. 5.4 to obtain
the factorization formula for generic two-jet observable using cone jets:

do  [dQ, ! Ao
@ _/271- /0 dxadﬂfbfq/P(fUa) fq//P(xb)dcosep

X /d(ﬁ— dql_ Jcone(Qi’_7Q1_)/dQS_ dQQ_ Jcone(q;_aQQ_)

/dé* Aoy Seone (07,03)6(0 — go(af + 4§, a7 .45 + 45,45 ,m1,m32)) , (2.129)
where the cone soft function is now defined as
Seone (¢ 1) = / Dy Snmsmims (@) (T — 11 Poonelwsi 11]) 8(6F — ng- Pronelwsima]) - (2.130)

As for eTe™, many jet observables only depend on the large momentum components and
the direction of the jets. In this case, we can perform the integrals over p;r and Ej. Integrating
over Z;r we define

ni,ng n,ng’

/der dﬂ+ Spone (Ef,ﬁ;) Sgone (2.131)
which is now perturbatively calculable up to small power corrections. We obtain

dO’O _ _ _ _
=[S [ rdnfyptan) o) o faar star) [aar star)
x Seene (0 — golay g3 - m1,ma)) (2.132)

where the jet functions integrated over pj are defined as in Eq. (2.108).

7 Conclusions and Outlook

We have developed a new formalism for obtaining factorization theorems for almost any
observable of interest at high energy colliders. We argued that any observable differential cross
section can be written in terms of two building blocks, a fully differential cross section describing
the energy and momentum distribution of a given event, together with the restriction of how to
obtain the desired observable from this distribution. For events containing only massless particles
in the final state, the only information required to define observables O is the energy configuration
w of the event, and we therefore focused on the cross section fully differential in w, which we
denoted as do/dw. By integrating this energy distribution with an appropriate functional fo[w],
the differential cross section do/dO in any observable O can be obtained.

Our main result is the proof of factorization for the fully differential cross section, do/dw,
using soft-collinear effective theory. It relies on the fact that do/dw can be written directly in
terms of a matrix element of well-defined operators in SCET using the energy flow operator. The
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linearity of the energy flow operator allowed us to factorize o /dw into simpler building blocks, each
of which is defined by matrix elements of operators in the effective theory and contains a single
scale allowing for a systematic program of logarithmic resummation. After the factorized form of
do /éw for a given process is determined once and for all, it can be used to study the factorization
properties of specific observables. The question of whether a given differential cross section do/dO
factorizes in the traditional sense depends on whether the form of fo[w] is such that it smears the
individual matrix elements in do/dw into objects that can be either calculated perturbatively or
determined experimentally from other processes.

Using our formalism, we were able to directly study the factorization properties of the
fully differential cross section, independent from the observable-specific functional fo[w]. While
the question of whether the differential cross section in a given observable factorizes in the tra-
ditional sense still needs to be asked on an observable-by-observable basis, this disentanglement
demonstrates to what length the steps taken in factorization proofs are observable independent.
It turns out that it is the observable independent analysis that requires most of the calculational
work. The fact that we can study factorization on an observable independent level could potentially
be relevant for Monte Carlo event generation. It should be possible to make a connection between
our factorized result for do/dw for generic N-jet production and the N-body partonic calculations
that were introduced in Refs. [34, 35] as input for an event generation framework. If so, our results
could be used to provide improved theoretical inputs for event generation. However, more work in
this direction is needed.

To demonstrate the simplicity with which factorization formulas for specific observables
can be obtained from the factorized result for do/dw, we have applied our results to several simple
observables in eTe™ — 2 jets. We first reproduced the known results for event shape and hemisphere
mass distributions, and then obtained factorization formulas for generic observables defined in terms
of the total jet momenta obtained from cone jet algorithms, which so far have not been studied
in SCET. We have also explored some of the issues arising in jet production in hadronic collisions
by studying the partonic subprocess q¢ — qq’ using tree level matching from QCD onto SCET.
In particular, we showed that the more complicated structure requires a soft function that is more
complicated from the case of eTe™ scattering. We also showed how parton distribution functions
arise in our formalism, and commented on how it could be used to study beam remnants and
underlying events.

It should be clear from these examples how our generic N-jet formalism can be applied
to the study of observables in more complicated processes, such as processes with heavy vector
bosons and more than two jets in the final state, which are crucial for many measurements at
the upcoming LHC. It is these more complicated processes where the power of our new formalism
becomes increasingly pronounced. While the number and complexity of Dirac and color structures
grows quickly for any exhaustive study of factorization with two or more final state jets, the
application of our formalism is straightforward and in fact facilitates recycling the bulk of the
work needed or already known in the literature for a particular observable, to be used for other
observables of interest.
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Chapter 3

Effective Predictions of Event Shapes:
Factorized, Resummed, and Gapped
Angularity Distributions!

1 Introduction

Event shapes probe the hadronic final states produced in hard scattering processes for jet-
like structure [99]. Two-jet event shapes e in hadronic eTe™ annihilations are constructed so that
one of the kinematic endpoints corresponds to the limit of two back-to-back perfectly collimated
jets. Different event shapes vary in their sensitivity to particles close to or far away from the jet
axis and thus used in tandem probe the substructure of jets [4, 3]. Some examples of two-jet event
shapes are the familiar thrust [55, 123], jet masses [88, 80, 89], and jet broadening [75], and the
more recently introduced angularities [47]. The shape of the distributions in these variables depend
on several energy scales, namely, the scale ) of the hard scattering, the scale of the invariant
mass or typical transverse momentum of the jet p 7, and the scale Aqcp of soft radiation from the
jets involved in color recombination occurring during hadronization. Event shapes thus probe the
behavior of QCD over a large range of energy scales, and indeed have been the source of some of
the most precise extractions of the strong coupling constant « [41, 102, 51].

Dependence on strong interactions at soft scales near Aqcp where QCD is nonperturbative
would render predictive calculations impossible, without the use of factorization. Factorization
separates an observable into pieces depending on each individual relevant energy scale. Those pieces
depending on large scales can be calculated perturbatively, while those depending on soft scales
remain nonperturbative. If these soft functions are, however, universal among different observables
or physical processes, then calculations of the factorized observables become predictive. A large
number of two-jet event shape distributions in eTe™ annihilation can be factorized into hard, jet,
and soft functions:

1 d
= H(Qp) /d€1 dez des Ji(e1; ) Ja(e2; 1) S(es; p)d(e — e1 — ez — €5), (3.1)

Otot de

!This chapter was originally cowritten with Christopher Lee and Gregory Ovanesyan [134].
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where H(Q; i) is the hard coefficient dependent only on the hard scattering e*e™ — ¢q at center-of-
mass energy @, Ji 2 are jet functions describing the perturbative evolution of the initially produced
partons ¢, q into collimated jets of lower-energy partons, and finally S(es; ) is the soft function
describing the color exchange between the two jets leading to the hadronization of their constituent
partons. This description introduces dependence on a factorization scale p, at which the cross-
section is factorized, into each of the individual functions. This dependence must cancel in the
whole combination in Eq. (3.1). The full distribution and the individual jet and soft functions
contain terms of the form (1/e)aZIn™e which become large in the two-jet limit e — 0. The
dependence of the hard, jet, and soft functions on the factorization scale p can be determined from
renormalization group equations, which can be used to resum the large logarithms [96].

The formidable achievements of proofs of factorization theorems for hard scattering cross-
sections in QCD span a long and monumental history [93, 181]. More recently many of these
theorems were reformulated in the language of soft-collinear effective theory (SCET) [19, 21, 33, 29].
This was done for two-jet event shapes for light quark jets in the series of papers [26, 24, 157, 18]
and for top quark jets in [124, 125]. Some of the relations between the full and effective theory
formulations of factorization were explored in [157, 18]. Equivalent results can be formulated
in either language, although our discussion below will be in the context of SCET, which we find
advantageous for its intuitive framework for separating physics at hard, collinear, and soft scales and
its explicit Lagrangian for interactions between collinear and soft modes. These features facilitate
the implementation of factorization and resummation of logarithms of ratios of all the relevant
energy scales. At the same time that the effective theory provides us an intuitive framework in which
to analyze the behavior of event shape distributions, the properties of the angularities themselves
will in turn illuminate properties of the effective theory, and in particular, the conditions under
which it is valid for the observables under consideration.

To describe the conditions under which the distribution in a particular event shape fac-
torizes as in Eq. (3.1), it is useful to write event shapes in a generic form. Many event shapes can
be written in the form,

() = 5 3 Ip | el (32)
1€X
where the sum is over all particles i in the final state X, pi is the transverse momentum of the
ith particle and 7; its rapidity relative to the thrust axis. Each choice of the weight function f.
determines a different event shape. For example, for the thrust and jet broadening, fi_7(n) = eIl
and fp(n) = 1. A continuous set of event shapes which generalize the thrust and jet broadening
are the angularities T, [47], corresponding to the choice

fra(n) = e~ MI0=2) (3.3)

where a is any real number a < 2. For a > 2, the function in Eq. (3.3) weights particles collinear
to the thrust axis too strongly and makes the quantity Eq. (3.2) sensitive to collinear splitting, and
thus not infrared-safe. The factorization theorem Eq. (3.1), however, is valid only for a < 1. At
a = 1, the distribution of events in 71 is dominated by jets with invariant mass of order Aqcp. Thus,
the jet and soft scales coincide, and the distribution cannot be divided into separately infrared-safe
jet and soft functions, at least in the traditional form of the factorization theorem. This breakdown
can be seen in the uncontrollable growth of a number of nonperturbative power corrections as a — 1
[47, 157], or in the failure to cancel infrared divergences in the perturbative calculation of the jet
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or soft functions in the same limit, as we have recently explored in Ref. [135]. We review this
breakdown of factorization in the explicit perturbative calculations we perform below. Any choice
of weight function f. that sets a jet scale at or lower than the soft scale will ruin the factorization
Eq. (3.1).

The distributions for which the factorization in Eq. (3.1) breaks down might still factorize
in a different form, by distinguishing collinear and soft modes not by their invariant mass, but by
their rapidity, as proposed in [163]. We do not, however, pursue such a strategy here, and focus
only on angularities with strictly a < 1.2

The soft function evaluated at a scale ps ~ Aqcp is nonperturbative. Evaluated at a
higher scale, however, it can be calculated in perturbation theory. An appropriate model for the
soft function should interpolate between these two regimes. In our analysis we adopt a model like
that proposed for hemisphere jet masses in [132] and for b-quark distributions in [159], in which
the soft function is a convolution,

S(esi ) = / ae!, SPT ey — s ) (e — A, (3.4)

where STT is the partonic soft function calculated in perturbation theory, and fP is a nonper-
turbative model function. The gap parameter A., proposed in Ref. [132], enters f*P through a
theta function f(e; — A.) so that the minimum possible value of an event shape e of final states
is A, which is zero in the partonic distribution, but is nonzero due to hadronization in the actual
distribution. The full soft function S(es; 1) inherits its scale dependence from ST (ey; 1) and thus
has a well-defined running with the scale p.

The partonic soft function ST (e,; 1) contains a renormalon ambiguity due to the behavior
of the perturbative series at high orders. This ambiguity should not be present in the full physical
distribution or the soft function, so the ambiguity in ST is canceled by a corresponding ambiguity
in A.. Shifting from A, to a renormalon-free gap parameter A.(u) = A — d.(i) removes the
ambiguity from the entire soft function Eq. (3.4). This greatly reduces the uncertainty in the
predicted distribution due to such renormalon ambiguities. These features were demonstrated in
[132] for jet mass and thrust distributions. In this chapter, we extend the soft function model and
demonstrate that a similar cancellation occurs for angularities 7,.

Many studies of nonperturbative soft power corrections in event shape distributions have
been based on the behavior of the perturbative expansions of the distributions, either the behavior
of their renormalon ambiguities [164, 45] or their dependence on a postulated “infrared” effective
coupling as at low scales [108, 109, 110]. In particular, they led to the proposal of a universal soft
power correction to the mean values of event shape distributions in the form [109, 110]

ceA
Q )

where (e)pr is the mean value of the partonic distribution, and the coefficient of the 1/Q) power
correction is an exactly-calculable number ¢, dependent on the choice of event shape multiplied by

an unknown nonperturbative parameter A which is universal for numerous event shape distribu-
tions. In [157] the operator definition of the soft function in the factorization theorem Eq. (3.1)

(e) = (e)pr + (3.5)

2Even though traditional factorization breaks down for a = 1 (jet broadening), the resummation of jet broadening
in QCD was performed in [75, 106] and nonperturbative effects were discussed in [107].
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was used to prove the relation Eq. (3.5) to all orders in a;. For angularities, ¢, = 2/(1 — a). This
scaling of the power correction with a was observed in [49] based on the behavior of the resummed
perturbative series for angularity distributions after imposing an IR cutoff on the scale in as(u)
and in [48] based on analysis of the distributions using dressed gluon exponentiation [128]. Below
we will review the proof of the scaling in [157] based on the operator definition of the soft func-
tion independently of its perturbative expansion, and later use the scaling rule to constrain the
nonperturbative model we adopt for the soft function in angularity distributions.

The history of calculating event shape distributions using perturbation theory in QCD
goes all the way back to QCD’s earliest years. The thrust distribution for light quark jets to
O(a,) was calculated in [101], to which our fixed-order results for do/dr, reduce at a = 0. The
resummation of the thrust distribution to NLL was performed in QCD in [73, 76] and to LL in
SCET in [32, 172] (and later extended to N3LL in [41]). Our results are consistent with these
SCET results at the appropriate orders for a = 0. The jet mass distribution for top quark jets
was calculated and resummed to the same order in [125], with which we agree on the SCET jet
and soft functions for @ = 0 in the limit m; = 0. The jet and soft functions for thrust or jet
mass distributions can be derived easily from the “ordinary” SCET jet function J(k™), and the
hemisphere soft function S(k™, k™), because the thrust and jet mass depend only on a single light-
cone component of the total four-momentum in each hemisphere (cf. [73]). These standard jet
and soft functions were calculated to two-loop order in [37, 38, 130]. Angularities for arbitrary
a, however, depend on both light-cone components k* in each hemisphere, thus requiring the new
calculations we perform below.

In the original introduction of the angularities 7, [47] the resummation of logarithms was
achieved to the same next-to-leading-logarithmic (NLL) order that we achieve below, but without
full inclusion of next-to-leading-order (NLO) jet and soft functions for the 7,-distribution, which
we calculate explicitly here for the first time. This improves the accuracy of our result for small
Tq. Our result is also improved in this region by adopting the soft function model Eq. (3.4) which
cures unphysical behavior of the point-by-point distribution do/dr, as 7, — 0 due to renormalon
ambiguities. The results of [47] converted to the traditional form of an NLL resummed event
shape distribution [73] were subsequently matched to fixed-order QCD at O(a?) numerically in
[49], improving the accuracy of the large-7, region. We perform this fixed-order matching only at
O(al).

Comparing our result to those of [47, 49] elucidates the relation between SCET and tra-
ditional QCD-based approaches to resumming logarithms more generally. While the advantages
of SCET in achieving factorization or resummation of logarithms through renormalization group
evolution can of course be formulated without the explicit language of the effective theory (see,
e.g., [47, 96]), the effective theory nevertheless unifies these concepts and methods in an intuitive
framework that, we have found, allows us greater facility in improving the precision and reliability
of our predictions of event shape distributions. Even though we do not go beyond the existing NLL
resummation of logarithms of 7, [47, 49|, the flexibility in the effective theory to vary the scales
1H,7,5, where logarithms in the hard, jet, and soft functions are small and from which we run each
function to the factorization scale u, allows additional improvements. For example, we are able to
avoid any spurious Landau pole singularities which the traditional approaches usually encounter.
(For previous discussions on how the effective theory avoids spurious Landau poles present in the
traditional approach, see Refs. [160, 36, 39].)
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The plan of the chapter is as follows. In Sec. 2, we review the demonstration of factor-
ization of event shape distributions in the formalism of SCET that was presented in [18], recalling
the introduction of the event shape operator é that returns the value of an event shape e of a final
state X, constructed from the energy-momentum tensor. In Sec. 3, we calculate the jet and soft
functions appearing in the factorization theorem for angularity distributions for a < 1 to one-loop
order in as. We recall the observations of [135] about how the breakdown of factorization as a — 1
is observed in the infrared behavior of these functions in perturbation theory. In Sec. 4 we solve the
renormalization group equations obeyed by the hard, jet, and soft functions and resum leading and
next-to-leading logarithms of 7, in the perturbative expansions of these functions, and explain how
we match the resummed distributions onto the fixed-order prediction of QCD at O(as). In Sec. 5
we construct a model for the soft function in angularity distributions for all @ < 1, based on existing
models for hemisphere and thrust soft functions which contain a nonperturbative gap parameter
introduced in [132], which cancels the renormalon ambiguity in the perturbative series for the soft
function. In Sec. 6 we present plots of our final predictions of angularity distributions using all the
results of Secs. 3—-5. In Sec. 7 we compare and contrast the SCET approach to predicting resummed
angularity distributions to those based on factorization and RG evolution in full QCD [47] and to
the traditional approach to resummation [49, 73]. In Sec. 8 we present our conclusions, and in the
Appendices, we verify a consistency relation among the hard, jet, and soft anomalous dimensions
for arbitrary a, provide some technical details necessary for the solution of the RG equations for
the jet and soft functions, and explain our procedure to calculate angularity distributions at fixed-
order in QCD at O(as), noting the hitherto unnoticed property of the angularities that they fail
to separate two- and three-jet-like events for values of a < —2, and so cease to behave exactly as
“two-jet” event shapes.

2 Review of Factorization of Event Shape Distributions

We begin by reviewing the factorization of event shape distributions in the formalism of
SCET, presented in [18].

2.1 Event shape distributions in full QCD

The full QCD distribution of events in eTe~™ — hadrons in an event shape variable e is
given, to leading-order in electroweak couplings, by

- QQZ [ateent S L, 01476 1X) (XIEO) 05 - (X)), (36)

i=V,A

where ¢ = (Q,0) is the total four-momentum in the center-of-mass frame, the sum is over final
states X, and e(X) is the value of the event shape e of the state X. The final state is produced by

the vector and axial currents,
=D _qiTiaf, (3.7)
f.a
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where T, = v and I} = v*~5 and the sum is over quark flavors f and colors a. The leptonic
tensor, which includes contributions from an intermediate photon and Z boson, is given by

4 y 2Q%v.0,Qs Q' vZ +al)v]

1=~ g5 (o~ ¥ [Qf‘_ i T e 1 (35
e’ qudv Q‘%v?—l—aﬁ)a%
3@2<“”_ Q2> (@ —M3)?

where @ is the electric charge of f in units of e, and vy, ay are the vector and axial charges of f,

A _
L, =-

(3.8b)

1 1 .

. — g Y in? 0 =0 .
v 2sin9Wcost9W( f @psin“Ow), ay 2 sin Oy cos Oy ! (3:9)

As shown in [18], the sum over hadronic final states remaining in Eq. (3.6) can be performed by
introducing an operator é that gives the event shape e(X) of a final state X. This operator can
be constructed from a momentum flow operator, which in turn is constructed from the energy-
momentum tensor. That is,

1) = () 1X) = / Sy f () Er(n: ) |X) | (3.10)

where £ is the operator yielding the thrust axis of final state X, and &p(n;t) is the transverse
momentum flow operator, yielding the total transverse momentum flow in the direction given by
rapidity n, measured with respect to the thrust axis, in a final state X,

2

PN

Er(n;t) | X) =

de 1 RQ/ dt 1 Toi (t, Ri) | X)) = ot —m) X)), (3.11
coshn Jo ¢ lim 1 Toi (¢, Ri) | X) ;{!ml (m—m)|X), (3.11)

which is closely related to the energy flow operator proposed in [150]. The thrust axis operator ¢
can be constructed explicitly, as shown in [18]. After matching onto SCET, however, an explicit
construction is not necessary, as the thrust axis is simply given by the jet axis n labeling the
two-jet current. The difference between the two axes introduces power corrections in A which are
subleading, as long as a < 1 [47, 18]. Using the operator é, we perform the sum over X in Eq. (3.6),
leaving

‘3;2 - 2$2 / dtee®® Y Ly, (03t (@)d(e — &)jf (0)[0) - (3.12)

i=V,A

2.2 Factorization of event shape distributions in SCET

To proceed to a factorized form of the distribution Eq. (3.12), we match the current j*
and the operator é onto operators in SCET. To reproduce the endpoint region of the two-jet event
shape distribution, we match the QCD currents jZ’»” onto SCET operators containing fields in just
two back-to-back collinear directions,

D> Conlfn B 1) O (3 s Br) » (3.13)

n pn,pn
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summing over the direction n of the light-cone vectors n,7n = (1,+n), and label momenta py,, p5.
The two-jet operators [24, 20|, after the BPS field redefinition [29] with soft Wilson lines, are

O (3 P, Pn) = € PP 5 (2) Y () DY () X () (3.14)

where T, = 4/ and I} = 7//v5. The soft Wilson lines are the path-ordered exponentials of soft
gluons,

Yo(z) = Pexp [ig/ooon-As(ns+x)]  Ya(a) = Pexp [ig/oooﬁ-As(ﬁs+x)] C (3.15)

with Ay, A, respectively in the fundamental or anti-fundamental representation. The jet fields
Xn = W;[fn and s = ngﬁ are combinations of collinear quark fields made invariant under
collinear gauge transformations by Wilson lines of collinear gluons [21, 33], where

Wa(z) = 3 exp [—gl_ﬁ-Amq(x)] , (3.16)

perms &

where ¢ is the label momentum of the collinear gluon field A,,, and P is a label momentum operator
which acts as PA, 4 = (7 - ¢)Anq [33]. Recall that, in SCET, collinear momenta p- = p* + k* are
divided into a large label piece, p* = (n-p)n*/2+ /[, and a residual piece, k*, where 7+ p is O(Q),
p1 is O(QN), and k is O(QA?). The residual momenta are the same size as soft momenta, ks, of
O(QM?). Below, however, we will see how the natural scaling of the collinear modes varies with the
choice of observable 7,. The integral over x in Eq. (3.12) enforces that the label momenta of the
jet fields in the two-jet operator satisfy 7 - p, = —n - P = Q and p = p= = 0.

We must also match the operator é in full QCD onto SCET. To do so we simply replace
the QCD energy-momentum tensor T+ appearing in the definition Eq. (3.11) with the energy-
momentum tensor in SCET, and, as noted above, set the thrust axis equal to the jet axis n in the
two-jet operator O,5. After the BPS field redefinition, to leading order in A\ the SCET energy-
momentum tensor is a direct sum over contributions from fields in the n,n collinear and soft
sectors, since the Lagrangian splits into these separate sectors with no interactions between them.
(Beyond leading order in A, there are power-suppressed terms in the SCET Lagrangian in which
interactions between collinear and soft fields do not decouple following the BPS field redefintion
[28, 81, 168, 30].) Then the event shape operator é splits into separate collinear and soft operators,

€=¢én+6én+és, (3.17)

where each ¢é; is constructed only from the energy-momentum tensor of sector ¢ of the effective
theory. So, finally, the event shape distribution in SCET factorizes into purely hard, collinear and
soft functions,

1 do

— o =H@Qw) /den des des (e — en — e — €5) Jn(en; 1) Jn(ens 1)S(es; 1) (3.18)
0

where the hard coefficient is the squared amplitude of the two-jet matching coefficient,

H(Q; p) = |Coa(Qn/2, —QR/2; )| (3.19)
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and the jet and soft functions are given by the matrix elements of collinear and soft operators,

S(esiin) = 5= Te O]V LOWH0)3(e, — £)Ya(0)a(0) 0] (3.20)
C
and di+ dk-
Tn(enin) = [ G dalent i), Tnlenin) = [ G alen ki), (321)
T T
where
Tulen 13 1) <Z‘> _ NL Tr / %2 €™ (0] xn.0(2)ad(en — én)Xn0(0)5 |0) (3.22a)
af C
1 .
jﬁ(eﬁ, k_, ,U,) <ZZ> = Ni Tr/d4l’ ezk'm <O’ Xﬁ’fQ(SU)B(S(Gﬁ - éﬁ)Xﬁ’fQ(O)a |0> . (322b)
af C

In Egs. (3.20), (3.22a), and (3.22b), the traces are over colors. Also, in Eq. (3.18), we have divided
the distribution by the total Born cross-section for eTe™ — qg,

(o) (3.23)

_ 4ma®Ng s 2Q%epQp  QUVZH+al)(v+af)
" 2|V e T @ agp

f

The n-collinear jet function .J,, depends only on the [T = n -l component of the residual momentum,
and J; on k~ = n -k, as only the n-J derivative appears in the n-collinear Lagrangian, and 7 - 0 in
the n-collinear Lagrangian, at leading order in A [21]. In angularity distributions, the jet functions
are independent of the residual transverse momenta k,,l; as long as a < 1 [18].

In Secs. 3 and 4 we calculate the above hard, jet, and soft functions for angularity distribu-
tions to next-to-leading order in a5, and solve for their dependence on p through the renormalization
group equations, which will allow us to sum large logarithms of 7.

2.3 Universal first moment of the soft function

As shown in [157], the behavior of the soft function Eq. (3.20) under Lorentz boosts in
the n direction implies a universal form for its first moment. The vacuum |0) and the Wilson lines
Y3.7(0), Y, 7(0) are all invariant under such boosts, while the transverse momentum flow operator
Er(n) appearing in the definition of é4 transforms as Ep(n) — Er(n') under a boost by rapidity
1" — n. These properties imply that the first moment of S(es; p) is given by

ceA(n)
Q Y

/deS es Sles;p) = (3.24)

where

%:;/ZMﬁw (3.25)

~WF£ﬁMWWMWWWW@M- (3.26)



41

The coefficient ¢, is exactly calculable from the definition of the event shape e Eq. (3.2) while
A(p) is not fully calculable due to the contribution of nonperturbative effects, but is completely
independent of the choice of variable e. The first moment Eq. (3.24) is universal for all event shapes
of the form Eq. (3.2) in this sense. For angularities, using Eq. (3.3) and Eq. (3.25),

> 2
o = / dnefmm—a):l _ (3.27)

—a

This scaling of the first moment of the soft function for angularities will constrain the parameteri-
zation of the nonperturbative model for the soft function that we introduce in Sec. 5.

3 Fixed-order Perturbative Calculations of Hard, Jet, and Soft
Functions

In this section we calculate at next-to-leading order, that is, O(as), in perturbation theory
the hard, jet, and soft functions, H(Q; ), Jo™" (Ta""; i), and Sg(75; i), in the factorization theorem
for angularity distributions, which is given by Eq. (3.18) with e = 7,.3

3.1 Hard function at NLO

The hard function H(Q;p), given by Eq. (3.19), is the squared amplitude of the two-jet
matching coefficient C,7(Q, —Q; ). This matching coefficient was calculated, for example, in [160]
in the context of DIS and in [24] for e*e™ annihilation, to NLO. It is found by calculating a matrix
element of the QCD current Eq. (3.7) and SCET current Eq. (3.13) (for example, (g(pq)q(pg)| 55 10)),
and requiring that the two match. Since the matching of the currents is independent of the observ-
able being calculated, we do not need to repeat the matching calculation here, and simply quote
the result. The matching coefficient Cyz(pn, Pr; ) in the SCET current Eq. (3.13) is given by

- asCp w2 9 w2 u?

Chn wip)=1— s— 1 11 Nl 3n [ 2|, 3.28

i (B> Pas 1) y [ g Tl <2pn 7. ) T 55 (3.28)

Here and in the remainder of this section, as = a5(p). The hard function H(Q;u) in Eq. (3.19) is
thus o ) ) )
asCF i 2 M H

HQ;u)=1- 8§ — —+1 3n— ) . 3.29

(Q, /L) o ( 6 +In Q2 + ol Q2> ( )

The additional contribution to the coefficient of 72 in going from Eq. (3.28) to Eq. (3.29) is due to
the sign of 2p,, - prn = —Q?, following the conventions of [33].
The bare SCET two-jet operators in Eq. (3.14) are renormalized by the relation

OO (23 s ) = Z0 (B Pri; 1) O (3 Py P » (3.30)

where the renormalization constant, calculated using dimensional regularization to regulate the UV
divergences in d = 4 — 2¢ dimensions, is given by

- o~ a,Cr | 2 2 ’u2 3
; N 2 2 o 3.31
O(pn’pn, 'LL) + 47]' |:62 + € n (2]5n . f)ﬁ + € ( )

3Note that here and below a superscript n on a quantity is not a power but denotes “n-collinear” just as i denotes
“n-collinear” and s denotes “soft”.
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Matching the QCD current Eq. (3.7) onto only two-jet operators in SCET is sufficient
to describe accurately the two-jet region near 7, = 0 of angularity distributions. To calculate
accurately also the tail region to O(as), where the jets broaden and an additional jet begins to
form, we would need to include a basis of three-jet operators in Eq. (3.13) as well [32, 165]. But
since we are mainly interested in obtaining the correct shape of the two-jet region, we do not
pursue this approach here. We will simply calculate the whole distribution in SCET with only
two-jet operators, and the match the tail region numerically onto the fixed-order prediction of full
QCD. This will be described more precisely in Sec. 4.4.

3.2 Cutting rules for weighted matrix elements

The jet and soft functions that typically appear in factorizations of hard cross-sections in
SCET are defined in terms of matrix elements of the products of collinear and soft fields, which
are related to the imaginary part of the matrix element of a time-ordered product of the fields
according to the optical theorem,

/d4xeiq’m<0’¢($)¢T(O)‘O> = Disc [/ d*z ™ (0|T ¢(z)8'(0)[0) ] (3.32)

The right-hand side is then related to the sum of all cuts of the relevant Feynman diagrams using
the standard Cutkosky cutting rules.

However, for more generic jet observables such as angularities for a # 0, the jet and soft
functions that appear in factorization proofs contain matrix elements in which additional operators
are inserted between the collinear and soft fields in the definition of the traditional jet and soft
functions [23]. For the matrix elements involving the extra insertion of such operators, we need to
generalize the cutting rules for calculating these matrix elements from Feynman diagrams.

For the case of angularities, the jet and soft functions given in Egs. (3.20), (3.22a), and
(3.22b) differ from the traditional jet and soft functions by the insertion of the delta function oper-
ator §(7, — 7). We denote the appropriate generalized prescription for calculating the new matrix
element from the Feynman diagrams of time-ordered perturbation theory as the “7,-discontinuity,”

/ d*z e (0|¢(z) 6(ra — 7a) $1(0)|0) = Disc,, { / d*z e (0| Te(2)¢"(0)|0)] . (3.33)

The Disc,, prescription is to cut the diagrams contributing to the matrix element of time-ordered
operators just as for the usual matrix elements in Eq. (3.32) but to insert an additional factor
of (1, — 74(X)) for each cut, where X is the final state created by the cut.* This prescription
corresponds to reinserting a sum over a complete set of final states between the delta function
operator and ¢'(0) in Eq. (3.33), and is precisely how we would calculate the full differential cross-
section as written in Eq. (3.6). In the next two subsections we illustrate extensively the use of the
Disc,, prescription.
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Figure 3.1: The (A), (B) real and (C), (D) virtual contributions to the soft function. The gluons
all have momentum k.

3.3 Calculation of the soft function to NLO

The diagrams that contribute to the soft function are shown in Fig. 3.1. From Egs. (3.3),
(3.10), and (3.11), the contribution to the angularity from an on-shell soft gluon with momentum
k is

k _1l-a
Ty = 7| l|e z

LET L1t 2 k|2 for k> kT

k_ a a .
SR RYE for kT > kT

Since cutting a gluon puts it on shell, the operator 7; returns these values when acting on a cut
soft gluon. When no gluon is in the final state cut, the operator 7] simply returns zero. The real
and virtual diagrams then contain delta functions, which we denote dg and &y, respectively,

Sr = Op(r5, k) = Ok~ — k) 5(T; - 22 [k \k—\%) (3.35a)
+ o0 — k7)o (s - 22 R ),
(SvE(sv(T;) :5(7';) (335b)

In terms of these delta functions, the (bare) perturbative soft function can be written

S5O 73 1) = 8(7) + 2 (3.56)

where we used that the tree level contribution is just 0(7) and that the two real and the two virtual
diagrams in Fig. 3.1 give identical contributions.

In pure dimensional regularization, the virtual contributions are scaleless and hence vanish
so we only need to evaluate the real diagrams. They add to

d% 1 1

e w2k — e ) 0kT)oR(73, k). (3.37)

S 6R:2g2u2€CFn-'ﬁ/

“The operator-based method that was developed in [167] for calculating weighted cross-sections can be used to
relate matrix elements such as in the left-hand side of Eq. (3.33) directly to the ordinary discontinuity of matrix
elements of time-ordered products of fields. However, for the scope of this chapter, we choose simply to apply the
prescription Eq. (3.33).
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Performing the k integrals gives

_ 2\ € 14+2¢
PT(0) (5. \ _ s s sCrn-n (4mp 1 1 i
Se ) = 6(r5) +0(7;) o < e > NPt : (3.38)

Nonzero values of 77 regulate the IR divergences and so here the 1/e pole is of UV origin, € = eyy.
Applying the distribution relation (valid for € < 0)

ox) 5(:5)%9(9@)] s [Q(x)lnm
N

xlt2e 2 T x

] +O(e?), (3.39)
n

where

[W] = lim [e(xﬂ)ln”(x) s
+

x B—0 x n—+1

5z — 5)] , (3.40)

to Eq. (3.38) we obtain the final result for the (bare) angularity soft function,
SEYOrzs) = [dnd Zstr — 73 s)Su(e2 o). (3.41)

where to NLO the renormalized soft function, SET, is given by

PT( 5. \ _ s(os asCp (1 ,p? 20,Cp [0(75),  p?
st =000 |1 - 25 (30— ) s | e, O

and the renormalization factor, Zg, is given by

s. _ s . OésCF 1 1 Mz 1 QQSCF 9(7-;)
Zs (i 1) = 8(75) [1 M(hlncgzﬂ*m(l—a){ 8 L'

. (3.43)

3.4 IR structure of the soft function

While the mathematical identity in Eq. (3.39) allowed us to arrive at our final result,
Eq. (3.42), the origin of the 1/¢ poles became obscured through its use. In fact, the use of Eq. (3.39)
is only valid for € < 0 which suggests that the 1/e pole on the right-hand side of Eq. (3.39) is of
IR origin. The virtual diagrams, while formally zero in pure dimensional regularization, play the
role of converting this IR divergence into a UV divergence by adding a quantity proportional to
(1/euv —1/emm) to the coefficient of §(77), if the final result is in fact free of IR divergences. Naively
it seems that this conversion cannot possibly occur for arbitrary a, because the 1/e poles in the
real diagrams have a-dependent coefficients (see Eq. (3.43)), while the virtual diagrams contain
no apparent a dependence. Nevertheless, by carefully examining the contribution of both the real
and virtual diagrams, we will show that, for a < 1, the virtual diagrams play precisely this role
and convert each IR divergence in the real graphs into UV, but that for a > 1, this cancellation is
incomplete. This is accomplished through an analysis of integration regions in the loop momentum
integrals that avoids the use of explicit IR regulators. Our presentation here complements our
discussion of these issues in [135].
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Using that foldx [In"(x)/x], = 0, the contribution to the coefficient of d(7;) can be
isolated by integrating the diagrams over 7 from 0 to 1. We find that the contribution from the
real diagrams can be written as

_aCpn-n (47w2)6
21 T(1—e)

/ dktdk—(kTk™)717e, (3.44)
R

where R is given by the region of positive k™ and &~ such that
(k7)2 (kF)!
(k*)2 (k)"

<Q for k= >k"
<Q for k= <kt. (3.45)

_a
2
_a
2

[SIISTEN Vi)

This region is plotted in Fig. 3.2A for various values of a.
The contribution of the virtual diagrams to the coefficient of §(7;;) sums to

1 /\ dk 1 1 {
ars 2% Sey| = 20202 /
/0 [ @ V] SRR @m0 BT 07 ke ke — [k, — 0+

e () [
= T =0 /de Ak~ (kTk™) e, (3.46)

where V is the entire positive k™, k~ quadrant, plotted in Fig. 3.2B.

The two contributions to 6(7)), Egs. (3.44) and (3.46), are each both UV and IR divergent,
but as we will show, their sum is convergent for € > 0 and so is only UV divergent. Since the form
of the integrand is the same and the virtual contribution differs only by an overall minus sign, it
converts the region of integration of the real contribution, R, into the complementary part of the
positive £+, k™ quadrant (see Fig. 3.2) which does not include the IR divergent regions k* — 0.
Note that as a — 1, the boundary of the region of integration R approaches the curve of constant
kTk~ = Q2. With this boundary, the integral over the region S does not converge for either positive
or negative €, implying that both IR and UV divergences are present.

That the region S has only UV divergence for a < 1 and has both UV and IR divergence
for a = 1 is perhaps more clearly seen in the k7, kf_ plane. The integral of the soft diagrams over
77 in terms of these variables is given by

.5 +25 _ _asCpn-n (4wu2)6 / dk~dk?
R \/ v 2r T(1—e) Js k= (K2)l+e’

and the resulting region S in terms of £~ and kﬁ_ fora <1is

a

<1§2>2(1a) < (kQ) < (‘;)2“) with k2 > Q2. (3.47)

The region S is plotted for several values of a in Fig. 3.2D. The limiting case a = 1 clearly includes
the IR divergent region k= — 0 for all k3 > Q2.
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Figure 3.2: The regions of integration for the coefficent of 0(7;) in S (17) in the (A), (B), (C)
k= kT and (D) k—, k% planes. The regions of integration for both (A) the real contribution R and
(B) the virtual contribution V contain both UV and IR divergences. Since the integrands for the
two contributions differ only by an overall minus sign, (C) the region resulting in their sum S, is the
complement of R and contains only UV divergences for a < 1. The dashed line in (C) represents

the line of constant ktk~ = Q2.

Performing the integral over S we obtain

1 — 2\ €
5 G0) (5. ) — 1 — a;Crpn-n (4mp 1 4
/(; dTa Sa (Taa lu’) 271_(1 _ a) Q2 62 F(l . 6) . (3 8)

After expanding Eq. (3.48) in €, we find that the coefficient of §(77) in Eq. (3.42) is unchanged,
except that for a < 1 all the 1/e poles are unambiguously of UV origin.

A lesson from this analysis is that in pure dimensional regularization, the coefficient of
(1/eyy — 1/€er) in a virtual diagram cannot be determined from the virtual diagram alone, but
only together with the real diagram whose IR divergence it is supposed to cancel. The reason that
the virtual subtraction can depend on a even though by itself it is independent of a is that the area
of overlap between the integration regions of real and virtual diagrams depends on a.
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n

7 [T) with incoming momen-
tum [ = 2Q + 21" and gluon momentum ¢: (A) Wilson line emission diagram and (B) its mirror;
(C) sunset and (D) tadpole QCD-like diagrams. The contributions to the jet function J2(72)
are given by the integrals of these diagrams over the + component of the incoming momentum,
AT, 1) = 202 (7).

Figure 3.3: Diagrams contributing to the angularity jet function J.'(r,

3.5 Calculation of the jet functions to NLO

Now we proceed to calculate the jet functions given by Egs. (3.21) and (3.22). The
diagrams that contribute to J' are shown in Fig. 3.3, and the Feynman rules necessary to calculate
these diagrams are found in [21]. The total momentum flowing through each diagram is @Qn/2 +1,
with the label component @Qn/2 specified by the labels on the jet fields in the matrix elements in
Eq. (3.22a), and [ the residual momentum. The total momentum of the gluon in each loop is ¢,
which has both label and residual components. All results for the anti-quark jet function J can
be found from those for the quark jet function J' with the replacement n < n and so we calculate
explicitly only J7'.

Cutting the diagrams in Fig. 3.3 in all possible places, we can cut through the gluon loops
or through one of the individual quark propagators connected to a current. We naturally call these
classes of cut diagrams “real” and “virtual” respectively. The real and virtual diagrams contain
the delta functions,

S = Sl 1%) = 8(72 = 5 [N E +@— )it -8 ),
by = v, 1) =3 = (17/Q) ). (3.49)

which are obtained using Eq. (3.34). In this case we simply consider the contribution to 7, from
a final state with a single on-shell collinear quark of momentum [ for dy and from a final state
consisting of an on-shell collinear gluon of momentum ¢ together with an on-shell collinear quark
of momentum [ — g for §g, and use that the ‘—’ component of momentum is always larger than the
‘+’ component for on-shell collinear particles. The momentum ! flowing through the diagrams in
Fig. 3.3 has a label component which is fixed to be @n/2 by the labels on the collinear fields in the
matrix element in Eq. (3.22a).

Before turning to evaluate the diagrams in Fig. 3.3, we first perform a few simplifications
to facilitate the computation. First, we note that the Wilson line emission diagram, Fig. 3.3A, and
its mirror, Fig. 3.3B, give identical contributions. Second, we employ the fact that the number
and complexity of jet function diagrams needed in loop calculations is reduced by noticing that
the QCD-like diagrams can be computed using ordinary QCD Feynman rules with appropriate
insertions of the projection operators P, and Py [38, 14]. In particular, for our one-loop example
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we use that the sum of Fig. 3.3C and Fig. 3.3D reduces to

£+ L3 =P ™ P (3.50)

Next, we relate the 7'-discontinuity to the ordinary discontinuity,

DiscT&{Qm + P, £ Pﬁ} (3.51)
=2ty L+ P T Palon+ 2™ 2R 1™ Baov
= Disc|2 #7™ Jt Pa & Palov+ 26+ P £ T Pa] (9r - 0v)

where in the third line the we used that the real diagrams induced by taking the discontinuity in
the first term cancel the coefficient of dy in the second term.

Now, since 0y (7/,1") has no dependence on the loop momentum g¢, it factors out of
the d%q integrand. This implies that, after adding the tree level contribution to the one-loop
Tl-discontinuity in Eq. (3.51), we can write the NLO jet function as

TO (1 )

M\ﬁ\

= 206(1)5 (7 )Z +D1sc7n[2ﬁ + P, £ Pﬁ} (3.52)
— J"(O)(ﬁ;,u)?év + [25‘“‘% + P Ty Pﬁ] <5R — 5V> ,

where J,(P)(H; ) is the standard jet function [29],

1 . ilw _
J"(O)(ﬁ;u)? = N—CDlsc [/d4xe Loy <0|T Xn,Q () Xn,Q(O)‘0>:|

- zm(ﬁ)z +Disc|2 7™+ P £ P +0(ad),  (353)

containing no additional operator insertions. Each term on the second line of Eq. (3.52) is then well-
defined® and straightforwardly calculable. In fact, J™(IT; 1) has been calculated to two loops [38],
and we expect that the techniques we employed above are the most practical way to extend our
results to two loops. The additional term on the second line of Eq. (3.52) is a sum of real emission
diagrams containing a difference of the delta functions dr and Jy. Note that for the special case
a=0,0y(r2, 1) = 0r(7?,q,I") and this additional term vanishes, so J" = J" . This is why only
the standard jet function is needed when a = 0.

To find the angularity jet function J”(77%; 1), we must integrate Eq. (3.52) over I as in
Eq. (3.21),

n(0) (-n dl+ n( n 7+
T = [ 5-J3° UCHNASION (3.54)

By this we mean that had we evaluated the individual cut virtual QCD-like diagrams contained in the first line
of Eq. (3.52) directly, we would have encountered the complication of cutting one lone quark propagator and thus
putting the second lone, uncut quark propagator on shell also.
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By integrating the known one-loop expression for Jéo) (IT5 ) (see, e.g., [25, 53]), we find that the
contribution of the first term in Eq. (3.52) is

di n n aCr 3 ,u
/%J“(ﬁ;mavzava){w o [ $30 0y @m e

2
+3an2—|—7—7r2}}

L_ouCpld p 0(r2)
1-a/2 4r Ke+3+81nQ(Tg)1/(za))( rg >]+ (3.55)

It is well known that all 1/e poles in this expression are of UV origin.
We find that the term involving the real QCD-like diagram in Eq. (3.52) is

/g{PH&PJ (6r—ov) (3.56)
= 2 Cp(d—2 Vi/dﬁ < > /(SZC)J i+ —q")
x (<_2m~>5(q+q: @ 00)) = (rlrt 1) = dv (1)

x ((—2m>6(<c2—q*><z+—q+>—rqu )0(Q—q))

s (@) s ()

1 €
X / dz x [(gc“*1 41— a) )T (a1 — ‘,L,))fe:| 7
0

where we defined x = ¢~ /Q. This expression is finite as € — 0.
For the term involving the real Wilson line diagram, we find

[l ](on- o) (3.57)

e UL [l L YO
=—g" 1 Crn 7%2/27r = | erig (( 2mi)o(qTq” — laLl")0(q ))

<@ (2mni@- )t - ) -l )o@ - o))
- Q((-2m)3(QU* = ")) | (3r(r2 )~ B0 1))
The piece with &g can be written as
[len Jn-szt () = () o
« [/Old""(l C2) (@ (1 — ) )T /Ooodg”x/] ,

xT T
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and the piece with dy is

ol Jumoa () g ()
i [/0 T ) mdx‘””ﬂ ' (3.50)

X 0 i

The second term in brackets in each of Egs. (3.57), (3.58), and (3.59) corresponds to the zero-bin
subraction [163] needed to avoid the double counting of soft modes [157, 140, 139]. Note that from
the expressions in both Egs. (3.58) and (3.59), the zero-bin contributions are scaleless and hence
formally zero. Their role is to convert the IR divergence (¢~ — 0) in each integrand into a UV
divergence (¢~ — o00) for a < 1. After this subtraction, both of the integrals over z in brackets are
convergent for € > 0.

Subtracting Eq. (3.59) from Eq. (3.58) and performing the integral over x we find that

/ —Dlsc + P £ Pﬁ] (53—&/) (3.60)
_ ol ¢<4w2>6 (1 1<1>1+1—2/z[ 22, ,2a(m2 — 9)

Com(2—a)2 \ Q2 T(1—€) e \ 17 1-a ¢ 3(2—a)
4 Vol —ax+22/2
_ 2 o l1—a 1-a 3
€ la/Q/de . In[(1—-z) " *+27+0()

where the overall 1/e pole is of UV origin from the discussion above.
Applying the relation Eq. (3.39) to Eq. (3.60) and adding the result to Eq. (3.55), we
arrive at our final expression for the (bare) NLO angularity jet function,

JHO (7 ) = /dT;”ZJ(TZf =7 s )G (s 1) s (3.61)

where the renormalized jet function, J7, is

g = s {1+ SEE [L Bt )|

O‘S7TCF [(4 1 —1a/2 + - aln Q(Tg)lf/(Q—a)> (92‘?))]+ ; (3.62)

where we defined

1 7—13a/2 723 —5a+ 9a%/4
fla) = 2 _ 7235+ 9%/4
1—a/2 4 12 1—a
LR - 2/9
— / dxx;_aj/ln [(1—a2)+ a:l_“]> : (3.63)
0

and the Z-factor is given by

s =20 (S (s tf) )] L 1] o
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3.6 IR structure of the jet functions

As we showed in Sec. 3.5, the 1/e pole in front of the plus-distribution corresponds to a
UV divergence. However, as we discussed for the case of the soft function in Sec. 3.4, the use of
Eq. (3.39) means that we can not immediately make the same claim for the poles in the coefficient
of §(71'). We now perform an analysis similar to that in Sec. 3.4 by integrating over 0 < 77" < 1 to
isolate this coeflicient and study its divergent structure in the resulting ¢, qﬁ_ integration regions,
complementing our discussion in [135].

The diagrams (C) and (D) in Fig. 3.3, being equivalent to diagrams in full QCD as
noted above, are manifestly infrared-finite and do not need to be analyzed in further detail. The
Wilson line graphs (A) and (B) potentially contain infrared divergences that we must identify more
carefully.

If the jet function is infrared-safe, infrared divergences in virtual and real diagrams, with
proper zero-bin subtractions taken, should cancel and leave purely UV divergent integrals. The
contribution of the sum of the real and virtual Wilson line diagrams to the coefficient of §(7}) in
0 ny ;

() is

the jet function Jg p

2AIdTa/g[ﬁi ov+ £ on] (3.65)

asCr (4mp?)e / o, 1 <1 1) / o, 11
== =) deddl s =5 ) ) deddl g |
T T(l—e)|/7 @)\ Q) Jg BC e

where the last integral is the zero-bin subtraction of the naive collinear integral in the first term.
The naive integration region J is shown in Fig. 3.4 and is given by 0 < ¢~ < @ and

) 1 1 1) o7
qp{Q[@—q—)l-a*(q—)l-a}} | (3.66)

The zero-bin region J is given by ¢= > 0 and

ot > [QU) ) (3.67)

The resulting integral for the total contribution of the zero-bin-subtracted Wilson line diagrams to
the coefficient of 0(77') in the jet function is

2/01dra/g[§%i®5v+ £y @53] (3.68)

asCr (4mp?)e _ .9 1 sgn(g” — Q) — 12 1 1
- _ P dg—d — [ d¢dq] 55—+
T T(1—e [/ R LS /J s Q] ’

where the region J resulting from combining J and Jo, with a relative minus sign in the integrands,
is also shown in Fig. 3.4.

The shape of the final integration region J in Fig. 3.4 demonstrates that the scaleless
virtual and zero-bin integrals succeed in converting IR divergences in the real diagram contributions
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Figure 3.4: Regions of integration for the coefficient of (%) in the jet function J; © (7). The
sum of naive real and virtual Wilson line diagrams are integrated over the region J in the q, qi
plane. The sum of real and virtual zero-bin subtractions are integrated over [Jy, and the resulting
sum of naive diagrams and zero-bin subtractions over the region 7. Integrals over J have only UV

divergences as long as a < 1. For a = 1, an IR divergent region remains.

into UV divergences for all a < 1. Eq. (3.68) converges for € > 0 if and only if a < 1. The result of
performing this integration, after including the contributions of the QCD-like diagrams in Fig. 3.3C
and D, agrees with the coefficient of d(7)') that is obtained by (naively) using the relation Eq. (3.39)
in Eq. (3.60).

3.7 Infrared safety, factorizability, and the effective theory

In the one-loop calculations of soft and jet functions above, we observed that infrared
safety of these functions, and, thus, factorizability of the angularity distributions, required a < 1.
By analyzing explicitly the regions of integration over loop momenta in real and virtual graphs,
we were able to identify when the loop integrals contained infrared or ultraviolet divergences.
Cancellations of regions in real gluon diagrams sensitive to IR divergences relied crucially not only
on the addition of virtual diagrams but also on zero-bin subtractions from collinear diagrams (see
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n-coll hard n-coll ::’:: hard

AN
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QN Q pt

Figure 3.5: Scaling of SCET modes appropriate for angularities 7,, a = 0, 1. For a = 0, the collinear
modes dominating the 7, distribution have virtualities p?> ~ (Q\)?, parametrically separated from
the soft scale p? ~ (QA?)2. These scalings correspond to the effective theory known as SCET; . For
a = 1, the collinear modes in the distribution have typical p? ~ (Q\?)2, coinciding with the soft
scale. The collinear and soft modes are no longer separated by virtuality but instead by rapidity.
These scalings correspond to SCET;. Collinear modes dominating angularity distributions for
other values of a between 0 and 1 live at scales intermediate between these limits.

also examples in [163, 140, 139, 86]).

The shape of the momentum regions contributing to the one-loop soft function in Fig. 3.2
suggest a simple physical interpretation of the breakdown of factorization as a — 1. In the kT
plane, the region of integration in the sum of real and virtual graphs for a = 1 is the region above
the line KTk~ = Q2. For angularity soft functions with a < 1, as k= — 0o, the loop integral goes
over a region with kTk~ strictly greater than @2, and in fact, KTk~ — oo, while for a > 1, the
loop integral enters the region with k*k~ < @2, and in fact, ktk~ — 0. But this latter region,
k* — oo while K~ — 0 or vice versa, is the region where collinear modes live, illustrated in Fig. 3.5.
This means that collinear modes still contribute to the soft function even after the attempted
factorization.

This suggests that for ¢ > 1, the contributions of SCET] soft and collinear modes to the
angularity distribution have not actually been separated. In SCETT , soft, collinear, and hard modes
can be distingushed by their well-separated virtualities, namely, p% ~ (QA?)?, p% ~ (QAY/(1=a/2))2,
and p% ~ Q? At a = 1, the virtualities of soft and collinear modes contributing to the 7,
distribution coincide, and SCET1 must be matched onto SCET; where collinear and soft modes
both have virtualities p> ~ (QA?)2. In this case, the modes are no longer distinguished by their
virtuality, but instead by their rapidity, as illustrated in Fig. 3.5. Ref. [163] suggested a modified
version of the factorization theorem Eq. (3.1) in which soft and jet functions are defined either with
cutoffs on rapidity or in dimensional regularization with the scale u separated into two light-cone
scales u*, which must satisfy puTp~ = p?, with each of the two jet functions depending on one



54

of these scales, and the soft function on both. However, in the present chapter we do not pursue
such a strategy and limit our analysis to angularities with strictly a < 1. For arbitrary values of
a, the virtuality of collinear modes p?% ~ (QX/(1=a/2))2 syggests an interpretation as the modes
of an effective theory “SCET;,,.”® Since our analysis and calculations utilize the framework of
SCET] , we may expect non-negligible corrections to our results to arise for values of a less than
but approaching 1, and for reasonable criteria for when corrections are negligible, our analysis is
reliable for values of a < 1/2 [157].

4 NLL Resummation of Logarithms and Fixed-order Matching to
QCD

The fixed-order NLO cross-section, obtained by using the fixed-order expressions for the
hard, jet, and soft functions in Egs. (3.29), (3.42), and (3.62) in the factorization formula Eq. (3.18),

contain logarithms of p divided by the scales @, Q7,, and the intermediate scale QT& /(279 This
means that there is no single choice for the scale p that will simultaneously set all of the logarithms
in the NLO cross-section to zero. For small 7,, these scales become widely separated and the
logarithms of ratios of these scales become large, which causes the perturbative series to break
down. In Sec. 4.1 and Sec. 4.2, we take advantage of the effective theory framework separating the
hard, jet, and soft contributions by evolving each of them separately through renormalization-group
(RG) evolution which resums these logarithms. We then combine these RG-evolved functions into
the full cross-section accurate to NLO at fixed order in s and resummed to NLL accuracy in
Sec. 4.3.

Since our final result for the NLL/NLO resummed distribution is derived using an effective
theory which is valid only in the small-7, limit, it does not get the larger-7, region as accurately as
QCD at O(as). To arrive at a result that retains NLL/NLO accuracy in the small-7, region while
retaining the accuracy of QCD at O(as) in the larger-7, region, we need to match our distribution
onto QCD. This matching is constructed such that if we turn off the resummation, the distributions
should agree with full QCD to O(as). We perform this matching in Sec. 4.4.

4.1 Hard function at NLL

The anomalous dimension of the hard function in Eq. (3.29) can be found by requiring
that matrix elements of the bare two-jet operator in Eq. (3.30) are independent of the scale u, and
is given by

i (1) = —v0(Qn/2, —Qn/2; u) — 75 (Qn/2, —Qn/2; 1) (3.69)
where
~ o~ 1~ o~ d -~ OéSCF qu
ns P 1) = =2 (B P 1) i~ 20 (s P 1) = 2ln S —— , :
0n i ) = ~ 26 s Brs iy Zolin i i) = e (2m ot 3) . @70)
so that
asCF /1'2
yu(p) = R (21nQ2+3> , (3.71)

SWe would like to thank M. Strassler for suggesting this terminology to CL.
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which is the first term in the expansion of the anomalous dimension to all orders in g,

2

Vr (1) = Thlos]n Q2 + va o] (3.72)
Solving the RG equation,
d
pg, H (@) = vr(WH(Q; 1), (3.73)
for H(Q; ) gives
. _ . Ky [ HO o
where wy and Ky are defined as
8CF I1(:1us /81 Oés(MO)
=— |1 P = -1 3.75
(.L)H (/’1/7 /"LO) ﬁo nr + (Fcousp ,80 47_(_ (T ) ( a)
6CEr 167CFp [r —1—7lnr
Ky = Kg(u, = —Inr+ 3.75b
# = Kil po) = =5 Go? | e (3.75b)
I‘clus ﬁl I1—r+Inr 61 :|
+ P_= + In“r
(I‘Cousp Bo > 4 875
Here 7 = jj((;ﬁ)))’ and gy, 81 are the one-loop and two-loop coefficients of the beta function,
Blo) = 1% = a0, | (82) + 0 (22)" 4 (3.76)
du ’
where
11 2 34C% 100
ﬁo = CA — ﬂ and ﬁl = A _ AT — 2C’an . (377)
3 3 3 3
The two-loop running coupling «(u) at any scale is given by
1 1 ﬂo < 1 ) p { o < p >]
= l + 1+ —as(Mz)ln | — . 3.78
as(p) @s(MZ) My 4750 2 (M) Mz (378)

In Eq. (3.74), we have used the fact that to all orders in perturbation theory, I'g[a] is proportional
to Ieusp[ars], where

«
1—‘cusp [Oés] = <4 ) I_‘(?usp (4;) Fclusp T (379)
The ratio of the one-loop and two-loop coefficients of I'¢ysp is [148]
Tlep 67 w2 L0n; -
— (2 _" o, - 4 3.80
0y (5 %) (3:80)

Fclusp and 3 are needed in the expressions of wy and Ky for complete NLL resummation since we

formally take a2ln T, ~ O(as).
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F=S5 F=J
JiF 1 2—a
1—a/2
F}OW _SCFﬁ 8CF 1%
7% 0 6CFr

Table 3.1: Fg, ~vr and jp for the jet and soft functions.

4.2 Jet and soft functions at NLL

The jet and soft functions obey the RG equation

d Heo
,U,@F(T; w) = / dr' yp(r — 75 u)F (7’5 1) (3.81)

—00

where F' = J,S. The anomalous dimensions v can be found from the Z-factors (given in Egs. (3.43)
and (3.64)) via the relation

vl = i) == [ 4 2 = 2o = ). (3.52)
We find that
oy 2aCF o (1=a/2. p* 3\ 1 [6(r-7)
vi(r—71u) = - S(r—1") lfaan2+4 al v | (3.83)
and
/ 205CF T O(r —1")
—Thip) = —F——~ 407 —7)n 5 +2 | —-~ . 84
vs(T — 75 1) (1= a) o(r T)nQ2+ |, (3.84)

Both anomalous dimensions are the first terms in the perturbative expansion of the general form
to all orders in a; [125, 129],

w@—#mw:mﬂ%(ﬁ[%“”ﬂ+—m“6v—ﬂ)+wmmv—#» (3.85)

(r—7)

where the coefficients I'p[as], 77 [as] have the expansions

Trfas] = (%) 0 + (Z‘—;)QF} T (3.86)
and
Yrlos) = (%;) 7o+ (%)2 Vg A (3.87)

We summarize the coefficients ' and 7% and the jp-values for the jet and soft functions in Table 3.1.
The solution of the RG equation Eq. (3.81) with the anomalous dimension g of the form
given in Eq. (3.85) with particular values of jr was developed in the series of papers [39, 147, 10,
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166]. Later, it was solved for arbitrary jp in [125] using a convolution variable t = Q77 with mass

dimension j = jr. The resulting evolution equation for F' is

F(r;p) = /dT’ Up(t — 75 1y o) F (7' o)

where the evolution kernel U is given to all orders in ag by the expression

e[?p—kﬂ;&)p 140 JFWR 9(7_ _ 7_/)
Up(T — 7' - (= A=)
F(T Tj/’l/7lL[/0) P(_@F) <Q> |:(T_T/)1+wF:|+ )

where vg is the Euler constant and where &p and K r are defined as

2 as(n)  do
(o) = = / i W
0 JF as(/LO) ﬁ[a]

- as(p) do os () do o do!
Kp(p, p E/ — a+2/ —T a/ —_— .
F( 0) as(po) ﬁ[a] F[ ] as(po) 5[04] F[ ] as(po) B[O/]

The plus function in Eq. (3.89) for all w < 1 and w # 0 is defined as”

[ew] . [e@ -8

pltw " - B—0 pltw w

with the latter plus functions defined in Eq. (3.40).
For the NLL parameters of the evolution kernel Up, Eq. (3.90) gives

0 Tl ﬂ

F cusp 1 Oés(,UJO)
Wr (s o) = — Inr + - —= r—1)|,

0 0

ot =27l |[r—1—rlnr
K =——1]
F (o) 250 nrt (o)? [ as(p)
1
n Fcuspié 1—7‘—|-ln7“+ /81 1[127’ :
s Ho 4 870

(3.88)

(3.89)

(3.90a)

(3.90Db)

(3.91)

(3.92a)

(3.92b)

where we have used the fact that I'r o< I'ysp. This proportionality is well known for the a = 0 jet

and soft functions. In Appendix 3.A we verify that it remains true for all a < 1.

From Eq. (3.88) we can write explicit formulas for the resummed jet and soft functions
at any scale pu. Details of evaluating the integral over the convolution variable 7/ are given in
Appendix 3.B. For the soft function, we plug the fixed-order NLO result Eq. (3.42) at the scale g

"Note that from the definition in Eq. (3.91), for w < 0 the ‘4’ label can be dropped and so Eq. (3.91) is consistent

with the distribution relation Eq. (3.39).
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into Eq. (3.88), and obtain at the scale y,

. - eK5+’7Ew5 1o Jjsws
s = v (6)
as(po)Cr 1 2 M 15
X [{1 - S (m Qo TAH (-1 —ws)n b (3.93)

+ T+ 4[[H(-1 - wg)? —w““—“Sﬂ)}(é(Z)S)L’

and for the jet function, plug in the fixed-order NLO result Eq. (3.62) at po into Eq. (3.88), and
obtain at u,

Kj+vgwy Jowg
Jo (Tas 1) = 7(}( ) (‘g) (3.94)
—wJ
as(po)Cr (2 —a o 4H (-1 — wy) pl
X |91+ In 2 0 4 (3 + )ln 0_
47 1—a QQTF 1—a QzTana

+4f(a) + (1_;“(2_) [”62 +[H (=1 —w)) - w“)(—w)}) } (eﬁ)ﬂ K

where in the above two equations Kr = Kp(u, po), wrp = wr(u, po), H(z) is the harmonic number
function, and 1(*)(2) is the polygamma function.

4.3 Full distribution at NLL

By running the hard, jet, and soft functions from the scales pug = pm, py, and ug,
respectively, to the common factorization scale p and performing the convolution in Eq. (3.18) (see
Appendix 3.B for details), we find for the final resummed expression for the two-jet angularity
distribution with NLL/NLO perturbative accuracy

1 doo’T
—3 2 = [<1+fH+2fJ+fS>Ug(Ta§MaHHuMJuMS):| ; (3.95)
00 d7a  |NLL/NLO +
where we defined
. KtV wi\“H (11 2jgwy g Jsws /g Ta
Ug (Tas 1y o, 15 p5) = Ta) <Q> (Q) <Q> <7(1+22> : (3.96)
where
Q=2w;(p, prs) +ws(p, ps) (3.97)

K = Ky (p, p) + 2K (p, py) + Ks(p, pis) (3.98)
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with wy, K given by Eq. (3.75) and wy s and K ;g given by Eq. (3.92) and

s C T2
fH:a (N;I) F (_4+17T2_21n2/gl_31n/gl> (3.99a)
. ozs(p,J)C'F 3/4 = + H(_l B Q)2 B ¢(1)(—Q)
fJ—W|:f(a)+1_a/2H(—l—Q)+ 6 20— )1 —a/2) (3.99Db)
2 —a . 3 2 12
+ T alanTal/(%a) + <2 + - aH(—l - Q)) In QTal/(2a):|
£ = as(ps)Cr [ 1 <_7r2 CoH(-1- 0?4 2¢(1)(_Q)> (3.99¢)
s 1—a 4

15 15
—2In? —4H(—1 - Q)ln ]
QTq ( ) QTa
and f(a) was defined in Eq. (3.63).
From these expressions, it is clear that the logarithms are minimized by choosing pp, w7,
and pg of order Q, Q7,Y/?=% and Qr,, respectively. We will describe in more detail precisely
which values we choose for these scales when we plot the full distributions in Sec. 6.

4.4 Matching to QCD

One way to achieve matching onto QCD is to include three-jet operators in the matching
of the QCD current onto the SCET operators in Eq. (3.13) [32, 165]. For the scope of this paper,
however, we simply adopt the matching procedure described by [73], as implemented in [41].

To O(as) the full QCD distribution will take the form

1 do
oo dry

— 6(ra) + (%) Aulra) +O(a?). (3.100)

In Appendix 3.C we describe how to calculate A,(7,) numerically. Meanwhile, the fixed-order
two-jet angularity distribution in SCET at O(as) is given by the convolution Eq. (3.18) of the
fixed-order hard, jet, and soft functions Egs. (3.29), (3.42), and (3.62). The result is independent
of p (except through oy = as()), and is given by

i dos

_ 5, Qs
o dr, ~ 0a) Do+ o [Da(7a)l (3.101)
where
Cr 1 2
Di=1-% 2+ 5a — — (2
a 2 2—0,{ + oa 3( +a)
1 2
— 21 +2
+4/ dx%m [z + (1 — x)l—a]} (3.102)
0

2 2)(3 + 4l 7,
Da(Ta)ZQ?;H(T)(?’: nTa) (3.103)
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The two-jet fixed-order SCET distribution Eq. (3.101) reproduces the most singular parts
of the full QCD distribution® Eq. (3.100), that is, the coefficient of the §(7,), 1/7, and (1/7,)In7,
pieces. The expression for D,(7,) in Eq. (3.103) makes explicit that the angularities are not
infrared-safe for a = 2.

The difference of the two fixed-order distributions Eq. (3.100) and Eq. (3.101) away from
7o = 0 is a purely integrable function,

o) = o (52 =52 = (52) Ma(r) ~ Datrall, 3.10)

00 2w

By adding this remainder function to the NLL resummed SCET distribution, we obtain a result
which both agrees with QCD to O(«;) and resums large logarithmic terms in the entire perturbative
series with NLL/NLO accuracy. The matched distributions are thus defined as

1 doPT

oo dry

o 1 dO'QPT

NLL/NLO 90 drq

+ Ta(Ta) . (3105)
NLL/NLO

To find r4(7,), we numerically obtain A,(7,) from an analysis of the full QCD distributions away
from 7, = 0 using the procedure described in Appendix 3.C, and then subtract out the expression
for Dy(7,) given in Eq. (3.103).

For the case a = 0 (thrust), the analytic form of do"T /drg is known [101], with which our
formula Eq. (3.157) for Ag(m) agrees. Using Egs. (3.157) and (3.103), we obtain the remainder
function

ro(70) =

2

asCr [2(2 =310+ 3715) In (1 —279)  2(1 — 3m)
1 — 70 T0 1 — 70

1n7’0+6+97'0] 5 (3.106)

which we see is integrable down to 79 = 0.
As a consistency check of this matching technique, we calculated the total integral® of our
fixed-order result,

max

T 1d PT
Ototal = / dr, ( %2 4 Ta(Ta)) , (3.107)
0

(s} dTa

and compared with the total inclusive cross-section, o(ete™ — X) = 0¢(1 + as/7). We found that
our results agreed to any arbitrary precision which could be achieved by our numerical computation.

5 Nonperturbative Model for the Soft Function

In this section we adapt the model for the soft function used in jet mass and thrust dis-
tributions as constructed in [132] to work for all angularities with @ < 1. This model is designed
to describe the small-7, region where perturbation theory breaks down, while leaving the pertur-
batively reliable large- and intermediate-7, regions unaffected. The gap parameter in this model is

8Technically, we mean that the difference of the two distributions integrated from 0 to e vanishes as € — 0.
9The upper limit on 7, in Eq. (3.107), 7°#*, is that of the maximally symmetric three-jet configuration, Taym(a) =

1/3'7%/2 [49], but only for a > —2.6 (see Appendix 3.C).
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designed to turn off the soft function at energies below a minimum hadronic threshold. Such a pa-
rameter is known to have renormalon ambiguities [132], which must cancel those in the perturbative
soft function (which we denote in this section as S*T) to yield a renormalon-free total soft func-
tion S. To ensure perturbative stability, a scheme is needed to explicitly enforce this cancellation
order-by-order in perturbation theory. Recently, the position-mass scheme developed in Ref. [141]
was used to define a renormalon-free gap parameter for hemisphere jet masses in Ref. [130]. This
gap parameter obeys transitive RG evolution and has a well-behaved perturbative expansion. We
implement this scheme generalized to arbitrary angularity.

5.1 Review of hemisphere and thrust soft function models

To motivate the functional form of the model function that we will use for all angularity
distributions, we begin with the model hemisphere soft function constructed in [149]. This model is
a function of two variables which can be chosen to be [T and [~, defined as the + and — components
of the momentum in the n and 7 hemispheres, respectively. It takes the form

ot o) = oatyea—) A D) (l”_)A_l exp (_(mQ e U 2Bl+l_> C(3.108)

A? A2 A2

The parameter A controls how steeply the soft function falls as [* — 0, and B contains information
about the cross correlation of the soft particles in the two hemispheres. fP is normalizable for
A >0and B > —1. Ais an O(Aqcp) parameter that describes the range that hadronic effects
can smear the soft function around a given [*,/~. Finally, N'(4, B) is chosen such that f&P is
normalized to unity, fj:oo ditdi~ fer(t17) = 1.

In Ref. [125], this model was used to relate the total hemisphere soft function Shemi(I™,17)

to the perturbative hemisphere soft function SEL .(I7,17) via the convolution

oo B 5 N _
Shemi(IT,17 ;1) = / ditdl=SEL (1t — 11T — 1 ) P — AT = A). (3.109)

hemi
—0oQ
where A is the gap parameter. This method of implementing the model function ensures a smooth
continuation between the nonperturbative, model-dominated and the perturbative regions of the
cross-section.
To use this expression in our formalism, we first relate the a = 0 soft function, Sy (79, ),
and the hemisphere soft function, Shemi(I™,17, u). Using that 70 = (I +17)/Q, we find

a7 + - 4
So(ros ) = [ AITAl” Shemi (17,173 1) 6 | 70 — 0

= Q/dl Shemi (I, Qo — I5 ) - (3.110)

This gives the model function convolution for Sy(mo; i) as

So(To 1) = Q/dl /dﬁdl‘ Shomi (L= 17, Qmo — L= 175 p) fP(IF — A 17 — A)

2A
= /dTé S(I;T(To — 745 1) fEP (7’6 — Q) , (3.111)
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where (absorbing A and B dependent constants into the normalization A)
fexp(T) = Q2 /dT’ feXp(QT _ QT’,QT’)
241 9 )
11 (@)
— 0(r) N (4, B) < <QT> 1Py ( S+A(B-1) (@) > e BEE  (3.112)

A\ A 272 2A2

fP(7) inherits its normalization from fP(I,17), [% dr foP(r) =

5.2 Adaptation to all angularities

For nonzero a, we still want to use a convolution of the form

2A
S0 = [art S5 = atsn) £ (7 - 25°). (3.113)
Moreover, we would like to retain the functional form of f*P since it has had relatively good success
in describing different event shapes with the same values of A and B [149]. However, we must at
a minimum modify f**P so that the first moment of S,(7,; 1) satisfies the scaling relation given in
Egs. (3.24) and (3.27). In terms of the first moment of ST (7,; 1) and f5P, the first moment of

Sa(7a; 1) is
/dTa Ta Taa /dTa Ta /dT SPT Ta — aa#) exp( 22”‘)
= S0 + | fdn ST m} (%52 + fow)
= §FTl(y) 1 220 . gl (3.114)
Q
where here S5 " }(u) and fpr are the first moments of SYT(7,; 1) and fa P (7,), respectively, and

in the third line we dropped a; corrections to the O(Aqep/Q) povver corrections A, /@ and feXp[1

T[]

Since the first moment of the perturbative soft function, Sa
scaling (cf. Eq. (3.42)) we simply rescale the gap parameter,

, already obeys the proper

A
D= (3.115)
and require that the parameters of f; © vary from those in f*P such that
1 1
fsxp[l] = /dTa Ta [P (14) = T—a drr f&P (1) = T2 afeXp[l] . (3.116)

This latter condition is most easily satisfied by fixing A and B to their value at ¢ = 0 and allowing
A — A, to vary accordingly. Note from the definition of f*P, Eq. (3.112), Af*P(A7/Q) is inde-
pendent of A and hence A,fq P (Ae7/Q) = Af™P(A7/Q) when A and B are fixed. This implies
that

2
foXpm = <122a> /dTa To [P <227'a> = (i;?) /dTTfeXp (g7‘> = <jj{1> el (3.117)
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and so to satisfy Eq. (3.116) we take fo ¥ to be defined as in Eq. (3.112) but with A replaced with
A, where

Ay = . (3.118)

5.3 Renormalon cancellation

We want to ensure that the 1/Q renormalon ambiguity in ST (7,; 1) is cancelled order-
by-order in perturbation theory. To implement the position-mass renormalon cancellation scheme
defined in Ref. [141] for jet-masses and applied to the a = 0 gap parameter in Ref. [130], we first
take the Fourier transform of S, (7,; 1) with respect to Q7g,

Sa(xa; /j,) = /dTa eiiQTaana(Ta; ,U/)

. 2A,
— /dTa e @Ta%a /dTé SET(Ta — T ) [P (Té - 0 )
= SPT (q; 1) fOP () B0
= [SET (a5 pe 2100020 [ £ () 2i8el0)20 (3.119)

where in the second line we used Eq. (3.113) and in fourth line we split A, into two p dependent
pieces, Ay = Ay(1) + 84(pt). Note that since A, is y-independent, SE'T and S, obey the same RG
equation.

Next, we demand that for some value R, the term in the first pair of brackets in the last
line of Eq. (3.119) satisfies

PT . —2i6a (1) Ta —
d(zxa) ln [Sa ($a» lu’)e (M) ]Z’{L‘a:(Re/YE)il - 0 Y (3'120)

a condition which guarantees no ambiguity in SET at order 1/Q. This gives d,(x) to all orders in
terms of ST (7,; 1) as

| Q [drarae @/ BTE ST (1, )

Sa(p) = : 3.121
(k) 2 dea e_QTa/(RewE)SET(Tm 1) ( )
which to leading order is given by the expression
8Cr (as(p) H
1 — _ P ~
0y (1) Re T < e In R (3.122)
Since A, = Ay(p) + d4(11) is p-independent we find that to O(ay),
d - d 8Cr (as(p) o [ as(p)
L A) = —p5,(p) = Ree | 2EE = R |1y ( ) | 12
o) = =8, = e | S (20 = e g (240 (3.12)

Using that I'z[as] o< Ts[ag] (cf. Refs. [130, 141]) to all orders and that, for arbitrary a, I's[as] o
Ceusplas] (cf. App. 3.A), we find that the NLL expression for udA,/du is

uitﬁa(ﬂ) — _Re® [rg (ajlgr“)) (1 + ;%“Sp aj;(:))] : (3.124)

cusp




64

which has the solution
~ ~ ReE
Aa(u) = Aa(ﬂO) -
where wg (i, pio) is given in Eq. (3.92). Note that since d1(u) and A, (u ) — Ag(po) are proportional
to 1/(1 —a), Eq. (3.115) suggests that we should choose Ay (1) to be A(ug)/(1—a), where A(ug)
is the best choice for a = 0.
Expanding Eq. (3.113) in powers of ag to O(as) gives

Sa(7ai p) = /dT; [SET(TG — Tos 1) + 255 )dd, Se (Ta — r;;u)] FoP <T; - 2A22(M)> . (3.126)

where SY'T at NLO in the first term in brackets and at LO in the second term should be used since
6 is O(as). Using the fixed-order expression SE7T(7,; 1) = 6(74) + O(as) in the second term and
integrating this term by parts gives

Sulrai) = [ a7, [55T<Ta ) o ( . QA“(’”)} AN f< ) 2Aa<u>> |

ws (ks ko) , (3.125)

Q QR dr Q
(3.127)
Evolving S, (74; ps) to the scale p with Ug (7, — 705 i, 1s) as in Eq. (3.88) gives
24,
o(Tai 14 /dT [SPT Ta — Toi ) [P <Té - CSMS)>
253(HS) d ex 2Aa(:u’s)
—TUS(T(;_T;§M:MS) Hfa p<7'c,z_Q) . (3.128)

Here we keep A, and 4, at the scale yg which is needed to achieve the 1/Q renormalon cancellation
[131].

Finally, Eq. (3.128) implies that the total resummed distribution at NLL convoluted with
the model function f;° is

PT
1 do Z/dTa{ 1 do (10— 7' 1)

0o d’Ta 0o dT

sxp <Té _ 2AG(MS)>
NLL/NLO Q (3.129)

25;(:“’5) o / d exp , 2Aa(,us)
_Q|:Ua(Ta_Ta7M7MH7NJ7NS):|+dTéL a <Ta_Q>}’

where the resummed two-jet distribution matched to QCD, do™T /d7, N1, /NLO> 18 given in Eq. (3.105)
and U7 is given in Eq. (3.96).

NLL/NLO

5.4 Numerical results for the soft function

By plugging the partonic soft function Eq. (3.42) into the model Eq. (3.127), we obtain
for the full convoluted model soft function to O(as),

. — asCp 1 #2 m ex 25(1( ) ex
Sa(Ta; ) = {1— 5 1—q [IDQ (W) _6]} e (1) - 0 draf P(7s)

20,Cr 1 [T 1 2 - o
+ a /0 dT/;hl ( /2) [fa b (TaA — 7'/) — [P (TGA)] ,

T 1—a QQT

(3.130)
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where 72 = 7, — 2A4(1)/Q. To integrate against the plus distributions in Eq. (3.42), we used the
prescription

T Z

/oa d [0()] o= /0 a2 ((z) - 1(0) + FO)na (3.131a)

a a

/ dz [Wﬂ”] Fa) = / 2T e o) 4+ L f(0)na, (3.131b)
0 T + 0 x 2

which correspond to the definition of plus-functions given in Eq. (3.40). To minimize the logarithms

in the peak region of the soft function while also avoiding the Landau pole in ay, it is natural to

choose the scale to be of order 1 2 Agcp. To minimize the logarithms for larger values of 7, it is

natural to choose pu ~ Q7,. A scale choice that interpolates between these two regions is

1= 0Qra — u5™)(@ro — )2 4 ()2, (3.132)

where the minimum scale is £ > Aqcp.

In Fig. 3.6, we plot Sy(74; 1) for six values of a between —2 and 1/2. In each plot, we
show the tree-level (LO) soft function with a gap parameter (solid gray), the one-loop (NLO)
soft function with a gap parameter but without renormalon subtraction (dashed green), and the
one-loop soft function with a gap and renormalon subtraction (solid blue). For the parameters in
the model function Eq. (3.112) we take A = 2.5, B = —0.4,A = 0.55 GeV, as extracted from a
fit to the jet mass distribution [149]. For the scale dependence of the gap parameter, we choose
Ap(1 GeV) = 100 MeV and use Eq. (3.125) to evolve to other scales. We choose R = 200 MeV in
the renormalon subtraction Eq. (3.122) and the minimum value of the scale in Eq. (3.132) to be
u?i“ =1 GeV. We illustrate the variation of S,(7,; 1) with the scale p by varying it between 0.8
and 1.2 times the formula in Eq. (3.132). The tree-level soft functions depend on p only through
the gap parameter A,(x) and thus artificially have smaller scale variation than the one-loop soft
functions, at which order the nontrivial u dependence is first probed.

The one-loop soft functions in Fig. 3.6 display unphysical behavior near 7, = 0 by taking
negative values, due to the renormalon ambiguity in the perturbative series for the partonic soft
function. By cancelling the renormalon ambiguity between the partonic soft function and the
nonperturbative gap parameter A, through Eq. (3.127), we obtain the renormalon-free one-loop
soft functions. One of the plots of the soft function for a = 1/2 still exhibits a small negative dip
after renormalon subtraction, but it is nevertheless much smaller than the original negative dip,
and from its size may be expected to an effect of higher-order power corrections. The dip does not
appear in the total cross-section calculated below in Sec. 6.

6 Numerical Results for the Full Distribution

In this section we plot the angularity distributions do/dr, which include LO and NLO
perturbative hard, jet, and soft function contributions, resummation of large logarithmic terms to
NLL accuracy, matching to QCD at O(as), and the effects of the nonperturbative gapped soft
functions.

In Fig. 3.7 we plot the angularity distributions given by Eq. (3.129), plugging in the NLL
resummed partonic distribution given by Eq. (3.95) and matched according to Eq. (3.105). We
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Figure 3.6: Angularity soft functions with a gap parameter, at tree-level (solid gray) and at one-
loop with (solid blue) and without (dashed green) renormalon subtraction, for @ = 100 GeV, for
several values of a as labeled on each plot. The variation of the soft functions with the scale p is
illustrated by first setting 42" = 1.0 GeV in Eq. (3.132) and choosing 4 to be (0.8,1,1.2) times the
formula in Eq. (3.132), with the plots for smaller values of g peaking earlier in 7,. For the model
parameters we take A = 2.5, B = —0.4,A = 0.55 GeV. In the renormalon subtraction Eq. (3.122),
we have chosen R = 200 MeV.
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keep the same soft model function parameters as in the previous section. As noted earlier, the
logarithms in the hard, jet, and soft functions are minimized by choosing puy = Q, py ~ QT;/ (2—0,)7
and pug ~ Q1. In order to avoid the Landau pole in ag as 7, — 0, we choose the scales as in

Eq. (3.132),

us:\/9 (Qra — ™) (@ra — ™2 + (™ (3133

y = 0@ ) Quil ) i gy (3.1330)

We may vary ,um‘n independently, or choose them in a correlated fashion suggested by their natural
scaling pg ~ QN, g ~ QAY (=) that is,

pmin — =a)/(2-a)( min)1/(2-a) (3.134)

In Fig. 3.7 we have done the latter. The NLL/NLO distributions exhibit negative values for small
T, as a result of the renormalon ambiguity. Performing the renormalon subtraction in the soft
function removes this pathology.

In Fig. 3.8 we plot angularity distributions for the values of a used in Fig. 3.7 on the same
figure to illustrate clearly how they change with a. The range of 7, populated by two-jet-like events
grows with increasing a, so that the peak regions are populated by jets of increasing narrowness
with increasing a. This is reflected in the scales p ;g in Eq. (3.133) drawing closer as a grows to 1.

In Fig. 3.9 we vary the hard, jet, and soft scales and plot the resulting variation of our final
predictions for the distributions. First we vary the hard scale puy between /2 and 2@Q), plotting
the result in the dark green band. Then we vary the collinear and soft scales y ;s between half and
twice the values we chose in Eq. (3.133) and plot the result in the light blue band.

Although published data on eTe™ angularity distributions for a # 0 are not yet available,
data for the a = 0 (thrust) distribution are of course plentiful. The remaining difference between
our prediction in Fig. 3.7 and existing measurements of the a = 0 distribution can be accounted
for by higher-order perturbative corrections (see, for example, Fig. 6 in Ref. [41]), which are known
but have not been included here, since we calculated the other angularity distributions only to
NLL/NLO. For a sufficiently smaller than 1, we expect our predictions of all angularity distributions
to agree with data to the same accuracy that the NLL/NLO a = 0 prediction agrees with the thrust
data.
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Figure 3.7: Angularity distributions at Q = 100 GeV for six values of a between —2 and 1/2. The
solid gray curves are the LO partonic distributions resummed to NLL and convoluted with the
gapped soft model function. The dotted green curves are NLL/NLO convoluted with the gapped
soft function but without renormalon subtraction. The dashed red curves are the same as the
green but with renormalon subtraction, and the solid blue curves are the same as the red but
matched to fixed-order QCD at O(ag). We choose the scales u = @, ugﬂn =1 GeV, and ,u‘}lin given
by Eq. (3.134). For the gap parameter we take Ag(1 GeV) = 100 MeV and in the renormalon
subtraction R = 200 MeV.
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Figure 3.8: Angularity distributions at Q = 100 GeV. The full, NLL/NLO resummed, renormalon-
subtracted distributions in Fig. 3.7 are here shown all on the same scale. The parameters are chosen

the same as in Fig. 3.7. From highest to lowest peak value, the curves are for a = —2, —1, —%, 0
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Figure 3.9: Hard scale variation (dark green band) and correlated jet and soft scale variation
(light blue band) of the NLL/NLO resummed, renormalon-subtracted angularity distributions at
Q@ = 100 GeV for a = —1, a = 0, a = 1/4, and a = 1/2. For the hard scale variation, up varied
between /2 and 2(Q) and for the correlated scale variation, py and pg are varied between half the
values given in Eq. (3.133) and twice these values.
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7 Comparison to Previous Results and Classic Resummation

To compare to previous predictions of angularity distributions [47, 49] and focus more
generally on the differences between SCET and alternative approaches to factorization and re-
summation, in this section we restrict our attention to the perturbative distribution both before
matching, Eq. (3.95), and after matching, Eq. (3.105), leaving out the nonperturbative model of
Sec. 5.

Our result for the unmatched NLL resummed distribution Eq. (3.95) involves an evolution
factor UJ, which resums all leading and next-to-leading logarithms (for example the (1/7,)ln7, and
1/7, terms in the fixed-order D, (7) of Eq. (3.103)), and a multiplicative NLO prefactor 1 + fx +
2f7+ fs =1+ O(as). Both the evolution factor and the NLO prefactor are sensitive to physics at
the three distinct scales pp, py, and pg. Keeping these scales arbitrary until after solving the RG
equations in Sec. 4 and retaining the freedom to choose them only at the end provides a flexibility
which is indispensable in achieving reliable predictions in the SCET approach. This approach has
significant advantages over what we refer to as the classic approach to resummation in QCD [73].

To illustrate these advantages, we compare our results for angularity distributions to
those obtained in full QCD [47, 49]. The analysis in Ref. [47] used a formalism of factorization and
resummation of logarithms through renormalization-group evolution paralleling that of SCET, in
principle containing all the advantages that we emphasize here, but which were not fully realized.
Before arriving at the explicit prediction for the NLL resummed distribution do/dr, given in
Ref. [49], the factorized result of Ref. [47] was first converted into the form of a resummed event
shape distribution that would be obtained using the classic approach (and has been for a = 0).

One major advantage of the SCET approach over the classic approach is the presence of
Landau pole singularities in the results of the classic approach that are not in the results from
SCET, as also found in the cases of DIS and Drell-Yan [160, 36, 39]. We can illustrate why SCET
avoids this for the case of angularities by returning to our results for the resummed jet and soft
functions and for the final resummed distribution. From the expressions for the resummed soft
function S, (77), Eq. (3.93), and for the resummed jet function J2'(77), Eq. (3.94), one might be
tempted to set ug = Q7 and py = Q(7)/ =) since the logarithms in Egs. (3.93) and (3.94) are
minimized for these choices. The problem with this choice is that the soft and jet functions still
enter the convolution in the factorization theorem Eq. (3.1) and thus the scales in as(u/g) run
below 74"° = Aqep/Q even for 7, > Aqep/Q (where 7, = 77 + 77 + 75) if these 75"° dependent
scales are chosen. However, for a 7;-independent choice of p1g in the case of the soft function, for
instance, the full functional dependence of the resummed S(77; 1) on 75 and ug is such that after
the integrals over 75, 7%, and 7! needed to get to the final resummed distribution, Eq. (3.95), are
performed, the resulting dependence on ug only comes in the combination pg/Q7, in logarithms

(and similarly for the jet functions). The proper choice is thus pug ~ Q7. (and py ~ QT;/ (2_a)) and
not pg ~ Q7;. With this choice, Landau pole singularites never affect our result for 7, > Aqep/Q.
Setting g = Q77 before doing the convolution Eq. (3.1) is equivalent to setting ug = Q/v in the
Laplace transform with respect to v of the distribution, which is the scale choice made in Ref. [47]
needed to reproduce the classic result for @ = 0. Thus, when transforming back to get do/dg,
one inevitably runs into spurious Landau pole singularities with this scale choice'®, confirming the

10T here are also inherent Landau pole singularities in the classic approach before transforming back to 7,-space and
thus not associated with making v-dependent scale choices for s, s. In the classic approach, a prescription to avoid
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Figure 3.10: Factorization scale p variation of the (unmatched, partonic) SCET NLL/LO (light

blue band) and the classic QCD NLL/LO (red band) resummed results for angularity distributions.

1 is varied over the range % < p < 2Q with @ = 100 GeV for the cases a = -1, a =0, a = 1/4,

and a = 1/2. To make a direct comparison to the QCD results, the scales in the SCET results have
_ _ _ 01/ (2-a) _

been chosen as = pug = Q, py = Q74 ,and pugs = QTy.

similar observation of [39)].

Another difference between the explicit results we give and those given in [47] is that
while both achieved resummation of logarithms to NLL accuracy, the latter does not include a
full NLO calculation of the jet and soft functions in the distribution do/d7,, that is, effectively
does not have the prefactors fm,s. As with our SCET results, the results of [47] are not as
accurate as fixed-order QCD in the large-7, region and need to be matched. This matching was
subsequently performed numerically to at O(a?) in Ref. [49]. We summarize this by saying that we
have resummed logarithms of 7, to NLL/NLO with O(«;) matching and Ref. [49] has resummed
to NLL/LO with O(a?) matching.

The explicit dependence of the NLO prefactor on the separate scales pp ;g makes it
distinct from what is obtained by NLO matching to QCD in the large-7, region where the three

both types of Landau pole singularities is employed, but at the expense of introducing unphysical power corrections
[73, 79]. The results of [49] plotted in Fig. 3.10 used the prescription of [73].
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scales are comparable. Specifically, it improves the accuracy in the smaller-7, region where the
distribution depends on physics at the three widely disparate scales separately, as revealed by
the factorization theorem. We emphasize that even though the effects of including this NLO
piece are formally of next-to-next-to-leading logarithmic (NNLL) accuracy (using the counting
aslnT, ~ O(1)), it is natural to include it in our NLL resummed result since the dependence on
the arbitrary scales p1p 75 is cancelled to order ¢ in our NLL/NLO calculation.!!

Finally, we point out that while SCET can incorporate O(ag) matching with, for example,
a O(a?) QCD calculation or an event generator, the classic approach by itself is less easily gen-
eralized to achieve full NLL/NLO accuracy. The reason for this difference is that SCET predicts
the evolution boundary conditions for the hard, jet, and soft functions, H(Q;ug) and F(74; pur)
(F = J,59) in Eq. (3.88), for arbitrary scales pp, s order by order in perturbation theory. On
the other hand, as discussed in Ref. [172], the classic approach in contrast must effectively use the
evolution boundary conditions F(74; 1to) = 6(7,), which are LO in the SCET point of view. An
implication of this difference is that, since our NLO prefactor is formally part of the NNLL series,
full NNLL resummation is a nontrivial task in the classic approach (e.g. [54, 100]) whereas it is
straightforward in SCET, using no new techniques additional to the ones described above.

In Fig. 3.10, we compare our result with the classic result obtained in [47]. To make
this comparison, we truncate our result to NLL/LO accuracy and make the scale choices that are
equivalent to those that were made in Ref. [47] for the purpose of arriving at the classic resummed

form. Namely, we run the jet and soft functions from their respective natural scales, py = QT; /(2-a)
and pg = Q74, to the hard scale set to ug = Q. In addition, in Ref. [47] the factorization scale u
was also chosen to be p = pyy, effectively turning off running between pg and pu. Thus, to make a
genuine comparison, we vary p both in the classic result given in [49] and in our result Eq. (3.95)
over the range /2 to 2Q, fixing pg = p in our result. Notice from the plots that the peak position
appears to be more stable in the SCET results relative to the classic results and that there is a
discrepancy in the overall normalization in the peak region, both of which may be attributed to
power corrections arising from the spurious Landau poles present in the classic result.

8 Conclusions

We have calculated angularity distributions in eTe™ collisions for a < 1 to O(a;) in fixed-

order accuracy, resummed leading and next-to-leading large logarithms in the perturbative series,
incorporated the effects of a nonperturbative model for the soft function with a gap parameter,
and cancelled the leading renormalon ambiguities in the perturbative expansion of the distribution
and the gap parameter. Our new results for the one-loop jet and soft functions for all ¢ < 1 and
the NLL resummation of logarithms of 7, with explicit analytical dependence on the scales py, 5
made possible what we believe are the most precise predictions of angularity distributions to date.

These predictions, especially after extension to higher orders in perturbation theory and
resummation of logarithms, can prove useful in improving extraction of the strong coupling a; or
the parameters of nonperturbative models for the soft function. At the present time, in the absence

" More generally, in an N"LL/N™LO calculation, the dependence on pm,s,s cancels up to order o) Cag the

wr,g,s derivative of the logarithm of the distribution receives contributions from the prefactor at order o' and from
the anomalous dimension at order af.
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of a new linear collider, such extractions would require the re-analysis of LEP data to extract the
angularity distributions.

We also gain insight into the steps that will be required to predict jet observables in
hadronic collisions, a broad range of which have been studied in [13, 12] using the classic approach.
An SCET-based framework to factorize jet observables in this environment was developed in [23].
Our analysis of angularities suggests that the study of any set of jet observables which vary in their
sensitivity to narrower or wider jets or which depend on a jet algorithm picking out narrower or
wider jets should be scrutinized in the same way as we did for angularities to determine whether
the contributions of collinear and soft modes to each observable can be clearly separated. Also, our
calculations of light quark angularity distributions in eTe™ collisions can be extended to calculating
individual jet shapes for jets of various origins to higher accuracy, contributing to strategies to use
such jet shapes to distinguish experimentally different types of jets [4, 3].

While we have used SCET to calculate and explore the behavior of angularity distributions,
the variation in behavior of the angularities has in turn shed light on the behavior and applicability
of the effective theory. Varying a essentially varies the collinear scale of SCET, in effect interpolating
between (and extrapolating beyond) SCET] and SCET}; , and so angularities provide an ideal
testing ground for the behavior of these effective theories.

It is natural and straightforward to consider further improvement of our predictions to
higher perturbative accuracy and reduced nonperturbative uncertainty. We believe by using the cut
diagram methods described above to obtain the angularity distributions to O(as) we can extend
our results to O(a?) in a straightforward manner. Also, all of the ingredients necessary for NNLL
resummation at a = 0 are already known [41], and we would only need to calculate those pieces
which change with a. The three-loop I'js part of the jet and soft anomalous dimensions for
arbitrary a can be obtained from known three-loop I'cysp [39] and the all-orders proportionality
I'js o< I'cusp which we verified in Appendix 3.A. The only unknown ingredients are the two-loop
non-cusp part of the jet and soft anomalous dimensions. These can be obtained solely from the UV
divergences of the two-loop graphs, and would immediately extend our results to NNLL accuracy.
As for nonperturbative effects in the angularity distributions, we have treated these effects in the
soft function in the simplest manner possible, adapting the a = 0 soft model function to all a by
rescaling its first moment. Comparison of these predictions to eTe™ data can shed light on the
reliability of this choice.

Angularities and other event shapes have proven to be powerful probes of QCD and its
effective theories, and promise to play a key role in the new era of collider physics searching for
signals of new physics amid a sea of jets and strong interactions.

3.A Relation Among Hard, Jet, Soft, and Cusp Anomalous Di-
mensions

In Eq. (3.92) we used that the I'p[as] part of the jet or soft function anomalous dimension,
defined in Eq. (3.85), is proportional to the cusp anomalous dimension I'¢,sp to all orders in ag. This
fact is well known for the standard a = 0 jet function and soft functions. In this section we verify
that this relation remains true for all a. Our strategy will be to show that I'; g[c,] must always
remain proportional to I'g[a], which is independent of a and is already known to be proportional
t0 Leusp-
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The consistency of the factorization theorem Eq. (3.18) requires a relation among the hard,
jet, and soft function renormalization counterterms, and, thus, among the anomalous dimensions
(see, e.g., [47, 125]). This relation can be derived by requiring that Eq. (3.18) remain true when
written in terms of either the bare or renormalized hard, jet, and soft functions on the right-hand
side. This requires that

25 wi(rs —75) = [ a7 [ 4" Zy(es T s - i 2 < i), (335)

to all orders in as. To O(as), we can easily verify this relation using Egs. (3.31), (3.43), and
(3.64) with Zg(u) = |Zo(u)|~2. This relation amongst the counterterms requires in turn that the
anomalous dimensions satisfy

—yu (1)0(T) = 275 (T3 1) + vs (T3 1) - (3.136)

To all orders in a; the hard anomalous dimension takes the form of Eq. (3.72) and the jet
and soft anomalous dimensions take the general form of Eq. (3.85) [129] , where the constant jp
is j; = 1/(2 — a) for the jet function and jg = 1 for the soft function. The constraint Eq. (3.136)
then requires the three independent relations

0= 210 + 2T, (3.137)

JJ Js
—Tulas] = 2T jlas]) + Tslas], (3.138)
—vilas) = 2ys]as] + vslas], (3.139)

to all orders in as. These relations can be verified to O(as) from Eq. (3.71) and Table 3.1. The
first two relations Eqs. (3.137) and (3.138) taken together imply that

FS[aS] = ! FH[O‘S] ) FJ[as] = —

— ISR (3.140)

to all orders in «; and for all @ < 1. Since I'g[ag] o I'cysp and is independent of a, both I'g j[a] o
Ieusp as well.

3.B Evaluation of Resummed Jet and Soft Functions and Full Dis-
tribution

To evaluate the resummed jet and soft functions, we used the following method. First,
note that from the expressions for the evolution equation, Eq. (3.88), the form of the evolution
kernel, Eq. (3.89), and the generic form of the NLO jet and soft functions,

Int

Fr: o) = e16() + 2 <i>+ b (>+ , (3.141)

T

the resummed jet and soft functions are proportional to

O(r — 1’
F(T; /L) X /dT’ |:(7'(—T’)1'2"":| F(T’; ,U,()) = 61W1 + CQWQ + 03W3 y (3.142)
Jr
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where
Wy = / dr’ (f(_TT_/;})w +5(T’)/,
Wy = /dT' (f(j;;lw . [0(; )]+ ;
= e

Next, note that from the definitions of the plus functions, Egs. (3.40) and (3.91), we can find W;
as the coefficient of §° in the Taylor series of W (§), where W () is defined as

W(é)z/dT,[(e(TT') ] [e(T')L:r(w)r(a)[ o(r) L' (3140

T —7/)tw n aaxd IN(—w—4) |rltwtd

Eq. (3.144) follows from the fact that

/dT,,[(e(T—T")] [(9(7"—7/)] _ D(—w)l(~ws) [( 6(r — ) } C (.45)
+

T — 7_//)1+w1 N T — 7./)1+w2 F(—W1 _ wg) T — 7./)1+w1+wg "

By expanding both sides of Eq. (3.144) in § and comparing like powers of §, we find that

e [89] e - ms-) (32)]

2
W3 = [(;IDQ(T) —In(r)H(-1—-w)+ D

e ;wu)(_w)) (51(2)] R (3.146)

Here, H(z) is the harmonic number function and ¥*)(z) is the polygamma function.

The same technique can be used to analytically calculate the fully resummed cross-section,
Eq. (3.18), directly from the unresummed jet and soft functions. The resummed cross-section is of
the form

1do™T o(r; — 7!
99 & H </d7’i dr! Fy(7]; 1) {(TE_,)E_)%] ) Tt —T1 —T2—T3). (3.147)
(2 7 +

=1

where the jet and soft functions Fj(7;, ;) are all of the form given in Eq. (3.141). These inte-
grals can be done most easily by replacing the F;(7;; ;) on the right hand side of Eq. (3.147)
with [6(7)/ T1+5i] ,» expanding in ¢; before and after combining all the plus distributions using
Eq. (3.145), and comparing like powers of the §;. The result for the resummed cross-section
Eq. (3.95) then follows.
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3.C Angularity Distribution in QCD to O(«)

In Sec. 6 we matched the NLL resummed two-jet angularity distributions in SCET onto
the O(ay) fixed-order distributions in full QCD using the remainder function r4(7,), defined in
Eq. (3.104). In this section we provide some details of how we calculate the QCD contribution
to rq(714) away from 7, = 0, Ay(7,). In the process, we show that for a < —1.9 the angularities
of events with more two-jet like kinematics become degenerate with those of more three-jet like
events and contribute to the same 7,, and that for a < —2.6 the maximally symmetric three-jet
event contributes to a smaller 7, then some more two-jet like events. Thus, for small enough a,
angularities fail to separate two-jet and three-jet like events.

Both the one loop ¢g and tree-level ¢gg final states contribute to do/dr, at O(as). How-
ever, the ¢g final states’ contribution is proportional to 6(7,) and hence only contributes to A2.
Thus to find A,(7,) we only need to consider the tree-level ggg final states. Their contribution can
be writtten as

1 do 999 Qg
—— = (=) A1), .14
oo d7y (27r> (7a) (3.148)
where ) )
itz
Ay(ry) =C /dx dx 1 2 0(7q — Ta(21,22)) 3.149
(7a) =CF R i e g ( (z1,22)) (3.149)

and where x1 2 = 2F; 2/Q are the energy fractions of any two of the three final-state partons. By
momentum conservation, x; + xo + 3 = 2. For a three-particle final state, the thrust axis is given
by the direction of the particle with the largest energy. The x1 2 phase space can be divided into
three regions, as illustrated in Fig. 3.11A, according to which parton has the largest energy. In the
region in which z; is larger than z;x, the angularity 7,(z1,z2) is given by

a1, T2) = l(l—xi)H/Q [(1 — )Y — )Y 4 (1 — )2 (1 — ap) V2] L (3.150)

Ti>Tj k Iy
At each fixed value of 7, = ¢ in the distribution Eq. (3.148), the delta function restricts the integral
over 12 to a linear contour determined by the equation 7,(z1,x2) = ¢, where 7,(z1,z2) is given
by Eq. (3.150). Examples of these integration contours are shown in Fig. 3.11B.
It is sufficient to consider the part of the phase space corresponding to region III shown

in Fig. 3.11, where x3 > x12. Integration over the remaining two regions can be related to the
integration over region III by a trivial shift of variables of integration. Thus we need to solve

1
c=g———(mtm— 12 [(1 — 1) (1 = 29)? + (1= 2)*?(1 = 29) 72|, (3.151)
— 1 — X2

where 12 lie in region III. To find an explicit one-variable parameterization for z;2(w) which
satisfies Eq. (3.151), we first absorb the factor 1/(2 — 1 — x2) inside the brackets and define

1—:1,‘1

w (3.152)

2—3:1—332'

In terms of w, Eq. (3.151) can be written as

¢ = (x4 29 — 1)17/2 [wl_“/2(1 —w)¥? 4 w¥?(1 —w)=?| (3.153)
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Figure 3.11: (A) Phase space for three-particle qgg final state. The energy fractions x; = 2F;/Q
of the three particles satisfy 1 + 22 + 3 = 2. In region I, £1 > x93, in region II, z9 > x; 3, and
in region III, 3 > x1 2. The thrust axis is in the direction of the particle with the largest energy.
(B) Contours of constant 7, = 1/10 for @ = —1 (purple), a = 0 (gray), and a = 1 (pink). The
differential cross-section do/d7, is given by integrals over these contours in the x; 2 phase space.

Solving Eqs. (3.152, 3.153) for z1,zy gives:

1
Cc

1—a/2
wl—a/Q(l _ w)a/2 € wa/Z(l _ w)l—a/2) ’
z2(w) = z1(1 — w). (3.154)

xl(w):l—w—i—w(

Clearly from Eq. (3.152), w lies in the interval 0 < w < 1. The precise range of values for
w is determined from the conditions x1(w) < 2 — z1(w) — z2(w) and zo(w) < 2 — x1(w) — x2(w).
These inequalities can be simplified to

) ) Fa(w) for 0<w<1/2
c <min{F,(w), Fo(l —w)} = {Fa(l Cw) for 12<w<1’ (3.155)
where
w(l — w)%/?
Fy(w) = M(wl—“ + (1 —w)™). (3.156)

The function F,(w) is monotonically increasing over the range 0 < w < 1/2 only for
2 >a > a; ~ —1.978, but for a < a; turns out to have exactly one local maximum, Tyax(a),
and one local minimum, Tyin(a). At a = ag &~ —2.618, Tax(a) is equal to the angularity of the
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020F B

Figure 3.12: The local minimum (green line) and maximum (red line) of the function Fj(w) over
the range 0 < w < 1/2 coincide at the point a = a1 ~ —1.978. At a = as &~ —2.618, the value of
angularity for the maximally symmetric three-jet case, Tsym(a) = 1/317%2 (blue line), intersects
the local maximum and so for a < asg, the value of maximum angularity for such a corresponds not
to the maximally symmetric case but to a more two-jet like event.

symmetric three-jet configuration z1 = zo = x3 (where w = 1/2), Tym(a) = 1/3'7%2. Thus, the
global maximum of 7, over the whole range 0 < w < 1, defined as 7,"**, is Tmax(a) for a < ay and
is Tsym(a) for a > as.

In Fig. 3.12, we show how the maximum and minimum of the function F,(w) depend on
a, along with the a dependence of the symmetric three-jet configuration, and plot the special points
a1 and as.

In Fig. 3.13 we plot the boundary of 7, (F,(w) for 0 < w < 1/2 and F,(1 — w) for
1/2 < w < 1) together with the contours of constant 7,(x1,x2) = ¢ for different values of ¢ in the
full z1-z9 plane for the cases a = —1, a = —2.3, and a = —4, which qualitatively represent the
three cases a > a1, a1 > a > ao, and as > a, respectively. From this analysis we conclude that for
a < a1 and especially a < a9 angularities fail to separate two-jet like and three-jet like events.

To obtain A,(7,), we evaluate the integral in Eq. (3.148) over the appropriate contours
in the z12 phase space numerically, except for a = 0, for which the integral can be evaluated
analytically, giving (cf. [101])

A(](T()) = CF

2(2— 31+ 3Tg)ln <1 — 27’0> _ 3(1 =370)(1 + 7o) (3.157)

10(1 — 70) To T0
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Figure 3.13: (A), (B), (C) Allowed regions for the parameter w as a function of fixed 7, = ¢ are
bounded by the curves F,(w) and F,(1 —w). For (A), (D) a = —1, the integration is over a single,
continuous domain for all fixed 7, = ¢ but for (B), (E) a = —2.3 and (C), (F) a = —4, there are
multiple disjoint regions of integration for large enough values of c¢. In (D), (E), and (F), the blue,
red, and green curves represent contours of integration for fixed 7, = ¢, in order of increasing c,
and correspond to integration over a range of w given by the lines of constant 7, = ¢ in the regions
of the same color in (A), (B) and (C), respectively.
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Chapter 4

Jet Shapes and Jet Algorithms in
SCET!

1 Introduction

Jets provide troves of information about physics within and beyond the Standard Model of
particle physics. On the one hand, jets display the behavior of Quantum Chromodynamics (QCD)
over a wide range of energy scales, from the energy of the hard scattering, through intermediate
scales of branching and showering, to the lowest scale of hadronization. On the other hand, jets
contain signatures of exotic physics when produced by the decays of heavy, strongly-interacting
particles such as top quarks or particles beyond the Standard Model.

Recently, several groups have explored strategies to probe jet substructure to distinguish
jets produced by light partons in QCD from those produced by heavier particles [173, 60, 61, 56,
62, 63, 169, 153], and methods to “clean” jets of soft radiation to more easily identify their origin,
such as “filtering” or “pruning” for jets from heavy particles [62, 120, 121] or “trimming” for jets
from light partons [154]. Another type of strategy, explored in [3], to probe jet substructure is
the use of jet shapes, which are modifications of event shapes [99] such as thrust. Jet shapes are
continuous variables constructed by taking a weighted sum over the four-momenta of all particles
constituting a jet. Different choices of weighting functions produce different jet shapes, and can be
designed to probe regions closer to or further from the jet axis with greater sensitivity.?

Reliable theoretical prediction of jet observables in the presence of jet algorithms is made
challenging by the presence of many scales, the logarithms of which can become large and spoil
the behavior of perturbative expansions predicting these quantities. These scales include the jet
energy, the cut on the angular size of a jet R, the measured value of the jet shape, and any other
cut or selection parameters introduced by the jet algorithm.

Precisely this separation of scales, however, allows us to take advantage of the powerful
theoretical tools of factorization and effective field theory. Factorization separates the calculation

!This chapter was originally cowritten with Stephen D. Ellis, Christopher Lee, Christopher K. Vermilion, Jonathan
R. Walsh [116].

2The original “jet shape,” to which the name properly belongs, is the variable ¥(r/R), the fraction of the total
energy of a jet of radius R that is contained in a subjet of radius r [117, 118, 1] . This variable falls into the larger
class of jet shapes we have described here and for which we have hijacked the name.
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of a hard scattering cross section into hard, jet and soft functions each depending only on physics
at a single scale [93, 181]. Renormalization group (RG) evolution of these functions between scales
resums logarithms of these scales to all orders in g, with the logarithmic accuracy determined by
the order to which the anomalous dimensions in the running are calculated [96]. Effective field
theory organizes these concepts and tools into a conceptually simple framework unifying many
ingredients going into traditional methods, such as power counting, gauge invariance, and resum-
mation through RG evolution. The rules of effective theory facilitate proofs of factorization and
achievement of logarithmic resummation at leading order in the power counting and make straight-
forward the improvement of results order-by-order in power counting and logarithmic accuracy of
resummation.

Soft-collinear effective theory (SCET) [19, 21, 33, 29] has been successfully applied to
the analysis of many hard scattering cross sections [20] including the production of jets. SCET is
constructed by integrating out of QCD all degrees of freedom except those collinear to a lightlike
direction n and those which are soft, that is, have much lower energy than the energy of the hard
scattering or of the jets. Using this formalism, factorization and calculation of two-jet cross sections
and event shape distributions in SCET were developed in [26, 24, 124, 18]. Later, these techniques
were extended to the factorization of jet cross sections and observables using jet algorithms in [23].
Calculations in SCET of two-jet rates using jet algorithms have been performed in [24, 187], and
more recently in [85]. Calculations of cross sections with more than two jet directions have been
given in [32, 31, 42].

Resummation of large logarithms (Ine)/e of an event shape e near the kinematic endpoint
of extremely collimated jets has now been performed in several cases both in traditional methods in
QCD and in SCET. In QCD, these cases include next-to-leading-logarithmic (NLL) resummation
of the thrust distribution in [76, 73], jet mass distributions in [73, 74, 97, 59], the jet broadening
distribution in [75, 106], and the C-parameter in [77]. Resummation of an event shape distribution
using the modern SCET method was first illustrated with the thrust distribution to LL accuracy
in [172]. A method to extract precisely the top quark mass using resummed jet mass distributions
in SCET to NLL accuracy was demonstrated in [125]. The N®LL resummed thrust distribution in
SCET was compared to LEP data to extract a value for the strong coupling a; to high precision
in [41]. Angularity distributions were resummed to NLL using SCET in [134] directly in the
distribution instead of in moment space as in the QCD-based method used in [47].

Factorization and resummation of jet rates and jet observables while using a jet algorithm
requires more care than with event shapes due to logarithms of phase space cuts that may not be
resummable to all orders. Some exploration of these issues in SCET have been given in [187, 85].
Consistent all-orders resummation of logs of phase space cuts such as the angular size R of a jet
or the energy cutoff A for emission outside of jets has not yet been completely demonstrated.
There are logarithms of these parameters that may appear in fixed-order expansions, beginning at
O(ag), that are not correctly reproduced by exponentiating lower order logs. This is the issue of
“non-global” logarithms [97, 11, 8, 104].

In this work, we confine our focus to the particular but interesting problem of measuring
a jet shape of one or more jets in an N-jet final state in eTe™ annihilation, where the jets are
defined using a cone algorithm or an inclusive recombination algorithm, and resumming logs of
the jet shape in the narrow jet limit. We formulate a factorization theorem for such jet shape
distributions, and aim to resum logs of the jet shape which become large for collimated jets to
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NLL accuracy. Ref. [104] demonstrated the factorization of such a distribution into a “global” and
“non-global” part, and our methods resum the logs in the global part, and at least a subset of
those in the non-global part. We do not tackle the problem of ensuring full resummation of all
non-global logs generated by phase space cuts, which would require an O(a?) analysis of jet and
soft functions, beyond the scope of this work.

Nevertheless, we demonstrate, at O(as), the nontrivial consistency of the factorization
theorem for jet shape distributions even in the presence of these phase space cuts, as we reported
in [114]. In order for a factorization theorem to be consistent, the anomalous dimensions of hard,
jet, and soft functions must satisfy a very nontrivial constraint so that the physical cross section is
independent of the factorization scale y. We will find that these anomalous dimensions depend on
algorithm phase space cut parameters and that the consistency condition is indeed satisfied, but
only in the kinematic limit where jets are well-separated compared to their angular size R. Namely,
we will find the consistency relation, and therefore the factorization theorem, is valid only for large
t = tan(¢/2)/ tan(R/2), where v is the minimum angle between any two jet axes. This condition
manifests the range of validity of the effective theory constructed by adding together N copies of
the collinear Lagrangian in SCET to a single soft sector Lagrangian to represent the dynamics of
N identifiable jets in a final state.

For concreteness, for the jet shape, we choose to calculate the angularity 7, of a jet, defined
by (cf. [3, 47]),

Ta = 2;} Z ‘p?[‘ e~ ml=a) (4.1)
ieJ

where a is a parameter taking values —oo < a < 2 (for IR safety), the sum is over all particles
in the jet, E; is the jet energy, pr is the transverse momentum relative to the jet direction, and
n = —In tan(6/2) is the (pseudo-)rapidity measured from the jet direction. However, our logic and
methods are applicable to any suitable jet shape. We have organized our results in such a way that
the pieces independent of the choice of jet shape and dependent only on the jet algorithm are easily
identifiable, requiring recalculation only of the observable-dependent pieces to extend our results
to other choices of jet shapes.

In this chapter, we will calculate to next-to-leading order (NLO) in «; the jet and soft
functions corresponding to N jets, where we measure the jet shape Eq. (4.1) of M < N jets. We
will demonstrate the consistency of the anomalous dimensions of hard, jet and soft functions to
NLO for any number of total jets, any numbers of quark and gluon jets, any number of these jets
whose shapes are measured, and any value of the distance measure R in cone or kp-type algorithms
(as long as t > 1). We calculate the finite parts of the SCET jet and soft functions to NLO, and
resum logarithms of the jet shape 7, to NLL accuracy.?

We will demonstrate the crucial role of zero-bin subtractions [163] from collinear jet func-
tions in obtaining the consistent anomalous dimensions and the correct finite parts. In this case
zero-bin subtractions are not merely scaleless integrals converting IR to UV divergences, but in fact
contribute part (sometimes the most important part) of the correct nonzero result, as was already
pointed out by [85, 86]. The relation of zero-bin subtractions in SCET to eikonal jet subtractions

3Jet shapes were also studied in the QCD factorization approach in [4]. In this work QCD jet functions for quark
and gluon jets defined with an algorithm and whose jet masses m? are measured were calculated to O(as). The jet
mass corresponds to 7, for a = 0. A fixed-order QCD jet function as defined in [4] is given by the convolution of our
fixed-order SCET jet function and soft function for a measured jet away from 7, = 0.
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from soft functions in traditional methods of QCD factorization was explored in [157, 140, 139].

We will find that the scale governing each measured jet function is set only by the measured
value of the jet shape 7,, and that the scale governing each unmeasured jet function is set by the
scale of the angular cut R. The hard function depends on a large scale determined by the jet
energies. The soft function, as we initially define it, will appear to depend on many scales, set by
the value of 7, for every individual measured jet (which may all be different), the angular cut R,
and the threshold A for the minimum jet energy. When these scales are disparate, large logarithms
remain in the soft function even after naive resummation. We will therefore introduce a framework
to “refactorize” the naive soft function into individual pieces, each of which depends only on one
soft scale. Each piece is the matching coefficient from a theory with a soft mode with virtuality
given by one of these scales onto a theory with a soft mode with virtuality at the next lowest scale,
with the original higher-scale soft mode integrated out. Running between these scales then resums
logarithms of ratios thereof. We find that this procedure tames large logarithmic dependence
on ratios of these various soft scales, including non-global logs of the form In(A/w7,). It was
demonstrated in [47] that choosing w7, ~ A removed such non-global logs entirely. We allow for
disparate A and w7,, resumming logs arising at the NLL level, although there may be non-global
logs starting at O(a?) which we still miss. Whether this procedure achieves NLL resummation
including all the non-global logs is still an open question, outside the scope of the present work.

We will give an estimate of power corrections to the factorization theorem due to approx-
imations we must make in its proof to the jet momenta and the action of the jet algorithm on
collinear and soft particles. We will find for R ~ O(1) and a < 1, these remain small enough not
to spoil the factorization. Algorithm-related power corrections to jet momenta were studied more
quantitatively in [98], and their estimated R dependence is consistent with our observations. We
do not address in this work the issue of power corrections to jet shapes due to hadronization. Event
shape distributions are known to receive power corrections of the order 1/(7,Q), enhanced in the
endpoint region but suppressed by large energy. The endpoints of our jet shape distribution near
7o — 0, therefore, will have to be corrected by a nonperturbative shape function. Such functions
have been constructed for event shapes in [149, 132]. The shift in the first moment of event shape
distributions induced by these shape functions was postulated to take a universal form in [109, 110]
based on the behavior of single soft gluon emission, and the universality was proven to all orders
in soft gluon emission at leading order in the SCET power counting in [157, 156]. This universality
relied on the boost invariance of the soft function describing soft gluon radiation from two back-to-
back collinear jets. The extent to which such universality may survive for jet shapes with multiple
jets in arbitrary directions is an open question that must be addressed in order to construct appro-
priate soft shape function models to deal adequately with the power corrections to jet shapes from
hadronization. Nonperturbative power corrections to jet observables from hadronization and the
underlying event in hadron collisions were also studied in [98], and hadronization corrections were
found to scale like 1/R. In this work, we focus only on the perturbative calculation and resumma-
tion of large logarithms of jet shapes, and leave inclusion of nonperturbative power corrections for
future work.

By comparing to the output of a Monte Carlo event generator, we can test both the
accuracy of our perturbative resummed predictions and assess the extent to which hadronization
corrections affect jet shapes. We will illustrate our results in the case of ete™ — 3 jets, with the
jets constrained to be in a configuration where each has equal energy and are maximally separated.
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In both the effective theory and Monte Carlo, we can take the jets to have been produced by an
underlying hard process eTe™ — ¢gg. After placing cuts on jets to ensure each parton corresponds
to a nearby jet, we measure the angularity jet shape of one of the jets. We compare our NLL
resummed theoretical predictions with the Monte Carlo output for quark and gluon jet shapes
with various values of a and R. We find that the dependencies on a and R of the shapes of the
distribution and the peak value of 7, agree well between the theory and Monte Carlo, with small
but noticeable corrections due to hadronization. We can extract the hadronization dependence by
comparing Monte Carlo output with hadronization turned on or off.

Our work is, to our knowledge, the first achieving factorization and resummation of a jet
observable distribution in an exclusive N-jet final state defined by a non-hemisphere jet algorithm.*
Having demonstrated the consistency of this factorization for any number of quark and gluon jets,
measured and unmeasured jets, and phase space cuts in cone and kp-type algorithms, and having
constructed a framework to resum logarithms of jet shapes in the presence of these phase space cuts,
we hope to have provided a starting point for future precision calculations of many jet observables
both in eTe™ and hadron-hadron collisions. The case of pp collisions will require a number of
modifications, including turning two of our outgoing jet functions into incoming “beam functions”
introduced in [183]. We leave this generalization for future work.

An outline of this chapter is as follows. In Sec. 2, we describe the jet shapes and jet
algorithms we will use to calculate jet shape distributions in exclusive N-jet final states. In Sec. 3,
we give a summary of the logic and method of the calculations we perform in subsequent sections.
We tabulate the main results of the chapter in Table 4.1 appearing in this section. In Sec. 4 we
give a brief overview of SCET and derive in detail the factorized cross section for a jet shape
distribution in eTe”™ — 3 jets and state the generalization to the distribution in M measured
jet shapes in an N-jet cross section. In Sec. 5 we calculate jet functions for both measured and
unmeasured jets defined with a jet algorithm to NLO. In Sec. 6 we calculate the NLO soft function
for M measured jets in an N-jet cross section. In Sec. 7 we verify that the hard, jet, and soft
anomalous dimensions satisfy the consistency relation to NLO if and only if ¢ > 1 and perform
resummation of logarithms of jet shapes to NLL accuracy. In Sec. 8 we use these results to give
theoretical predictions for quark and gluon angularity jet shape distributions in Mercedes-Benz-like
3-jet events in eTe~ annihilation, and compare to the output of a Monte Carlo event generator.
Finally, in Sec. 9, we give our conclusions and outlook. We also collect a number of technical details
and results for NLO finite pieces of jet and soft functions in the Appendices.

The reader wishing to follow the general structure of our ideas and logic and understand
the basis of the final results of the chapter without working through all the technical details may
read Secs. 2 and 3, and then skip to Sec. 8. Some short non-technical discussion also appears in
Sec. 4.4.

2 Jet Shapes and Jet Algorithms

Event shapes, such as thrust, characterize events based on the distribution of energy in
the final state by assigning differing weights to events with differing energy distributions. Events
that are two-jet like, with two very collimated back-to-back jets, produce values of the observable
at one end of the distribution, while spherical events with a broad energy distribution produce

“Dijet cross sections for cone jets were factorized and resummed in [143].



85

values of the observable at the other end of the distribution. While event shapes can quantify the
global geometry of events, they are not sensitive to the detailed structure of jets in the event. Two
classes of events may have similar values of an event shape but characteristically different structure
in terms of number of jets and the energy distribution within those jets.

Jet shapes, which are event shape-like observables applied to single jets, are an effective
tool to measure the structure of individual jets. These observables can be used to not only quantify
QCD-like events, but study more complex, non-QCD topologies, as illustrated for light quark vs.
top quark and Z jets in [3, 4]. Broad jets, with wide-angle energy depositions, and very collimated
jets, with a narrow energy profile, take on distinct values for jet shape observables. In this work, we
consider the example of the class of jet shapes called angularities, defined in Eq. (4.1) and denoted
T4. Every value of a corresponds to a different jet shape. As a decreases, the angularity weights
particles at the periphery of the jet more, and is therefore more sensitive to wide-angle radiation.
Simultaneous measurements of the angularity of a jet for different values of a can be an additional
probe of the structure of the jet.

A key component of the distribution of jet shapes is the jet algorithm, which builds jets
from the final state particles in an event. (We are using the term “particle” generically here to
refer to actual individual tracks, to cells/towers in a calorimeter, and to combinations of these
objects within a jet.) Since the underlying jet is not intrinsically well defined, there is no unique jet
algorithm and a wide variety of jet algorithms have been proposed and implemented in experiments.
The details of each algorithm are motivated by particular properties desired of jets, and different
algorithms have different strengths and weaknesses. In this work we will calculate angularity
distributions for jets coming from a wide variety of algorithms. Because we calculate (only) at
next-to-leading order, jet algorithms that implement the same phase space cuts at NLO simplify
to the same algorithm. Two classes of algorithms, cone algorithms and recombination algorithms,
each simplify to a generic jet algorithm at NLO.

Cone algorithms build jets by grouping particles within a fixed geometric shape, the
cone, and finding “stable” cones. A cone contains all of the particles within an angle R of the
cone axis, and the angular parameter R sets the size of the jet. In found jets (stable cones), the
direction of the total three-momentum of particles in the cone equals the cone (jet) axis. Different
cone algorithms employ different methods to find stable cones and deal with the “split/merge”
problem of overlapping stable cones. The SISCone algorithm [171] is a modern implementation
of the cone algorithm that finds all stable cones and is free of infrared unsafety issues. In the
next-to-leading order calculation we perform, there are at most two particles in a jet, and all jets
are well-separated and defined by a label direction associated with a collinear sector in SCET.
Therefore, it is straightforward to find all stable cones, there are no issues with overlapping stable
cones, and the phase space cuts of all cone algorithms are equivalent. This simplifies all standard
cone algorithms to a generic cone-type algorithm, in which each particle is constrained to be within
an angle R of the jet axis. For a two-particle jet, if we label the particles 1 and 2 and the jet axis
n, then the cone-like constraints for the two particles to be in a jet are

cone jet: 61n < R and 6o, < R. (4.2)

This defines our cone-type algorithm.
Recombination algorithms build jets by recursively merging pairs of particles. Two dis-
tance metrics, defined by the algorithm, determine when particles are merged and when jets are
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formed. A pairwise metric ppair (the recombination metric) defines a distance between pairs of
particles, and a single particle metric pje; (the beam, or promotion, metric) defines a distance for
each single particle. Using these metrics, a recombination algorithm builds jets with the following
procedure:?

0. Begin with a list L of particles.

1. Find the smallest distance for all pairs of particles (using ppair) and all single particles (using
Piet)-

2a. If the smallest distance is from a pair, merge those particles together by adding their four
momenta. Replace the pair in L with the new particle.

2b. If the smallest distance is from a single particle, promote that particle to a jet and remove it
from L.

3. Loop back to step 1 until all particles have been merged into jets.

The kr, Cambridge-Aachen, and anti-kt algorithms are common recombination algorithms, and
their distance metrics are part of a general class of recombination algorithms. For e*e™ colliders,
a class of recombination algorithms can be defined by the parameter a:

ppair(iaj) = min (Ezqa E;l) R

piet (1) = B, (4.3)

where a = 1 for kr, 0 for Cambridge-Aachen, and —1 for the anti-kt algorithm. The parameter R
sets the maximum angle between two particles for a single recombination.® For a two-particle jet,
the only phase space constraint imposed by this class of recombination algorithms is that the two
particles be separated by an angle less than R:

kr jet: 12 < R. (4.4)

This defines a generic recombination algorithm suitable for our calculation. We will denote this as
the kp-type algorithm.

Because jets are reliable degrees of freedom and provide a useful description of an event
when they have large energy, in the description of an event we impose a cut A on the minimum
energy of jets. An N-jet event, therefore, is one where N jets have energy larger than the cutoff
A, with any number of jets having energy less than the cutoff. In our calculation, we impose the
same constraint: any jet with energy less than A is not considered when we count the number of
jets in the final state. This imposes phase space cuts: for a gluon radiated outside of all jets in the
event, that gluon is required to have energy E, < A to maintain the same number of jets in the
event. The proper division of phase space in calculating the jet and soft functions is a key part of
the discussion below, and careful treatment of the phase space cuts is needed.

5This defines an inclusive recombination algorithm. Exclusive recombination algorithms are described along with
other jet algorithms in [170].

SWe use R for both cone and kr algorithms for ease of notation. For kr, this parameter is sometimes referred
to as D. We emphasize that having the same size R for different algorithms does not in general guarantee the same
sized jets.
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3 Overview of Calculations and Main Results

In this section we give an overview of the calculations that we will present in the remainder
of the chapter, explaining the logic and strategy in broad strokes.

We will first formulate and prove a factorization theorem for distributions in the jet shape
variables we introduced in the previous sections. These jet shapes are measured in N-jet events
defined with a cone or kp-type algorithm. Using the tools of SCET, we will derive in detail a
factorization theorem for exclusive 3-jet production where we measure the angularity jet shape of
one of the jets, and then perform the straightforward extension to N-jet production with M < N
measured jets.

We will give a review of the necessary technical details of SCET in Sec. 4.1. The important
features of SCET are that it is an effective theory of QCD in which all but collinear and soft degrees
of freedom have been integrated out, and a Lagrangian in terms of these remaining modes can be
derived order-by-order in an expansion in A, a small parameter formed by the ratio of soft to
collinear or collinear to hard scales, determined by the kinematics of the process under study. In
our case, A is roughly the typical transverse momentum pr of the constituent of a jet (relative
to the jet direction) divided by the jet energy Ej, or the measured value of a jet shape 7,. The
size of A may thus be different for different jets. The momentum p, of collinear modes in the
light-cone direction n in SCET are separated into a large “label” momentum p,, containing O(FE)
and O(AE;) components and a “residual” component of O(A\2E}), the same size as soft momenta.
Effective theory fields have dynamical momenta only of this soft or residual scale. This fact, along
with the fact that soft quarks and soft gluons can be shown to decouple from collinear modes at
the level of the Lagrangian, makes possible the factorization of a jet shape distribution into hard,
jet, and soft functions depending only on the dynamics at those respective scales.

We will formulate an effective theory with SCET collinear fields in IV separate directions,
and use it to factorize the distribution in M jet shapes in an N-jet final state. In addition to
steps common to all factorization proofs in SCET (such as soft-collinear decoupling and collinear
jet functions’ dependence on residual momentum only in the n-k component) we will identify a
number of additional criteria required for the factorization of jet shape cross sections with jets
defined by a jet algorithm.

Two of these conditions enforce that there are exactly N jets in the final state. First,
to ensure that the algorithm does not group final-state particles into fewer than N jets, the jets
must be “well separated.” This allows us to use as the effective theory Lagrangian a sum of N
copies of the collinear part of the SCET Lagrangian for a single direction n and a soft part, and
to construct a basis of N-jet operators built from fields from each of these sectors to produce the
final state. The validity of using this Lagrangian and basis of N-jet operators requires that a
parameter ¢t measuring the separation between jets is large. Later calculations and the requirement
of consistency among hard, jet, and soft anomalous dimensions will suggest a natural definition of
t = tan(y/2)/tan(R/2), where ¢ is the minimum angle between two jets.

Second, to ensure that the jet algorithm does not find more than N jets, we place an energy
cut A on the particles outside of the jets. We will take this energy A to scale as a soft momentum
so that we will be able to identify the total energy of each jet with the “label” momentum on the
SCET collinear jet field producing the jet, which introduces corrections that are subleading in the
SCET power counting. These approximations have the effect that all particles with large energy
grouped into a jet by the jet algorithm will remain in the same jet even after the approximations
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we make to the action of the algorithm in order to prove our factorization theorem.

Third (and related to the first two), we will assume that the N-jet restriction on the final
state can itself be factorized into a product of N 1-jet restrictions, one in each collinear sector, and
a 0-jet restriction in the soft sector. We represent the energetic particles in the ith jet by collinear
fields in the SCET Lagrangian in the n; collinear sector and soft particles everywhere with fields
in the soft part of the Lagrangian. We then stipulate that the jet algorithm acting on states in the
n; collinear sector find exactly one jet in that sector, and when acting on the soft final state find
no additional jet in that sector.

In addition, as always, there are power corrections to the factorization theorem which we
must ensure are small. One class of these corrections arises from approximating the jet axis of
the measured jet with the collinear direction n;, which labels that jet in the SCET Lagrangian.
This direction n; is the direction of the parent parton initiating the jet. The jet observable must
be such that the difference between the parent parton direction and the jet axis identified by the
algorithm makes a subleading correction to the calculated value of the jet observable. In the context
of angularity event shapes, such corrections were estimated in [18, 47] and found to be negligible
for a < 1, and we find the same condition for jet shapes.

In the presence of algorithms, however, there are additional power corrections due to the
difference in the soft particles that are included or excluded in a jet by the actual algorithm and in
its approximated form in the factorization theorem. We comment on the extent to which existing
algorithms satisfy the criteria we need in deriving our all-orders factorization formula in Sec. 4.4,
and find that with all the modern algorithms we examine the jet size R is required to be R ~ O(1).

When all power corrections are under control and the algorithm itself does not lead to a
breakdown of factorization, our factorization theorem states that the cross section can be written as
a certain convolution of hard, jet, and soft functions. The hard function is calculated by demanding
that virtual corrections to operators in full QCD with N partons “match” those in SCET. Since
this is given by virtual corrections alone, the hard function has no dependence on the jet algorithm
or jet shape observable and is thus universal. The jet and soft functions, which respectively contain
collinear and soft real emission information, do depend on the algorithm and observable. The
running of the hard function, which can be obtained from the ultraviolet divergent part, is universal
and can be found in the literature (e.g. in [87]). The finite terms in the hard function can be taken
as the process-dependent virtual diagrams from the corresponding full QCD calculation. These
finite terms, however, are not strictly needed at NLL accuracy, to which we work in this chapter.
Thus the only new calculations we need to perform are for the divergent and finite parts of the
jet and soft functions. For NLL accuracy, we do not need these finite pieces either, but they will
suggest to us the natural scales ;175 at which to evaluate the jet and soft functions to minimize
potentially large logarithms in the finite parts. We thus report the infinite parts of the bare jet and
soft functions in the main text, and leave the finite parts in the Appendices.

We calculate the jet functions in Sec. 5 for measured quark jets, J&(7,), unmeasured
quark jets, JI, measured gluon jets, JJ(7,), and unmeasured gluon jets, JJ, where w = 2E; is
the label energy of the collinear jet field in each jet function. Unmeasured jets are sensitive to a
scale related to the characteristic size of the jet R as defined by the algorithm. However, since
we show that we need R ~ O(1) to minimize power corrections for commonly used algorithms (as
we discussed above), and since small R is not practical in modern detectors, resummation of R is
not the immediate goal of this chapter. Measured jets on the other hand are sensitive to the scale
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w;T., in addition to R. We find that collinear emissions that escape a jet are suppressed by A/w;
once the zero-bin subtraction [163] to eliminate double-counting between soft and collinear modes
is taken into account.

We calculate the soft function in Sec. 6. To do this, we split the soft function into several
contributions from different parts of phase space in order to facilitate the calculation and elucidate
its intuitive structure. We find it most convenient to split the soft function into an observable-
independent part that arises from soft emission out of the jets, S"™™¢® and a part that depends
on our choice of angularities as the observable that arises from soft emission into measured jet 4,
gmeas (i) - gunmeas i hence sensitive to the scale A while S™(7%) is sensitive the the scale w;Tt.

Then, having calculated all the jet and soft function contributions at NLO, we extract
the anomalous dimensions and perform renormalization-group (RG) evolution in Sec. 7. We find
the hard anomalous dimension from existing results in the literature. The equivalence of the“top-
down” and “bottom-up” approaches in effective theories (see, e.g., [58]) implies that we can either
RG-evolve the jet and soft functions from their respective scales up to the hard scale or evolve
the hard function down to the jet scale and the soft function from the jet scale to the soft scale
[125]. This boils down to the simple fact that the physical cross section must be independent of the
arbitrary factorization scale u at which the hard, jet, and soft functions in the factorization theorem
are evaluated. These observations imply that the sum of the jet and soft anomalous dimensions
must be (minus) the universal N-jet hard function, giving a non-trivial consistency check on our
factorization theorem:.

For N jets whose angular separations from one another are given by angles 1);;, and a jet
algorithm requiring that individual jets have angular extent R, we show in Sec. 7.3 that consistency
is valid when, for every pair of jets ¢, j, we have that ¢;; > 1, where
tan %

=
tang

(4.5)

That is, our calculation of the anomalous dimensions indicates precisely what we should use for
the jet separation parameter ¢, which we need to be large in order for our factorization proof to be
valid. Notice that for back-to-back jets (¢;; = ), we have that 1/t;; = 0 exactly. Thus, for all cases
previously considered in the literature, the jets are infinitely separated according to this measure,
and no additional criterion regarding jet separation is required for consistency of the factorization
and running.

It may seem mysterious that the calculations of the hard, jet, and soft functions themselves
indicate the necessity for a large separation parameter ¢ in order for the anomalous dimensions to
satisfy consistency. Although we already specified this criterion qualitatively for the validity of
introducing N separate collinear sectors in our SCET Lagrangian and N-jet operator, it may not
be immediately apparent where this criterion is implemented in the actual calculations. It enters in
the definition of the collinear jet functions. In the large-t limit, the N jets are infinitely separated
from one another according to the measure given by Eq. (4.5). Therefore, in each collinear sector
of SCET in direction n;, we assume that the other N — 1 jets are all maximally far away.

And indeed, when N-jet operators are constructed in SCET, each collinear jet field con-
tains a Wilson line W,,, defined below in Eq. (4.14), of collinear gluons in the direction n that
were emitted from the back-to-back direction . That is, the n;-collinear sector assumes that all
other hard directions are in the maximally-separated opposite direction 7;. (This is similar to QCD
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Category Contribution ‘ Symbol ‘ Location ‘
measured quark jet function JE (1) Eq. (4.50)
unmeas. quark jet function 4 Eq. (4.56)
measured quark jet function J3(12) Eq. (4.64)
unmeas. gluon jet function J3 Eq. (4.65)
NLO contrlbutlc.)ns summary of divergent o Table 4.9
before resummation: parts of soft func. (any t)
total universal Gunmeas Eq. (4.85)

soft func. (large t)

total measured ens /i
soft func. (large t) gmeas(7i) | Eq. (4.87)

anomalous dimensions: — — Table 4.3
measured jet function fo(réut) | Eq. (4.131a)
NLO contributions measured soft function fs(ti; 1Y) | Eq. (4.131Db)
after resummation: unmeas. jet function JL () Eq. (4.132a)
universal soft function Sunmeas(y )y | Eq. (4.132b)

Total NLL Distribution: — — Eq. (4.128)

Table 4.1: Directory of main results. We tabulate the location of the key results of this chapter: the
fixed-order NLO quark and gluon jet functions for jets whose shapes 7, are measured or not; the
fixed-order NLO contributions to the soft functions from parts of phase space where a soft gluon
enters a measured jet, S™5(7,), or not, SUM™MeS: their anomalous dimensions; the contributions
the jet and soft functions make to the finite part of the NLL resummed distributions; and the full
NLL resummed jet shape distribution itself.

factorization proofs of hard scattering cross sections, e.g. in [47], in which this direction 7 is chosen
to be along some arbitrary path £ that is separated by an O(1) amount from the jet direction n.)
Furthermore, the n;-collinear jet function knows only its own color representation, and not those
of the other jets. Meanwhile, the hard and soft functions we calculate “know” about all N jets and
their precise directions and color representations. Therefore it is no surprise that, when we actually
calculate the anomalous dimensions of these functions, we find that they are consistent with one
another only in the limit that the separation parameter ¢ — oo.

Even after requiring ¢ > 1, the satisfaction of the consistency conditions is non-trivial.
The hard function knows only about the direction of each jet and the jet function knows only the
jet size R; the soft function knows about both. Furthermore, it is not sufficient only to include
regions of phase space where radiation enters the measured jets. It is crucial to include radiation
entering unmeasured jets, and also soft radiation outside of all jets with an upper energy cutoff of
A. Only after including all of these contributions from the various parts of phase space do the jet,
hard, and soft anomalous dimensions cancel and we arrive at a consistent factorization theorem.

The RG solutions for the soft function and our proof of factorization make it clear at this
point that the assumption that the soft function is sensitive to a single scale is limited to the case
that A ~ w;7! for all jets i. However, we argue in Sec. 7.4 that in the case of a hierarchy of scales
in the soft function, we can “refactorize” the soft function into multiple pieces to all orders, each
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sensitive to a single scale. The result for the soft function, Eq. (4.127), resums logarithms of ratios
of these various scales, although we leave as an open question whether non-global logs remain at
O(a?) and higher.

We summarize where to find the results of the calculations outlined above in Table 4.1.

4 Factorization of Jet Shape Distributions in e*e™ to N Jets

In this Section we formulate a factorization theorem for jet shape distributions in ete™
annihilation to N jets. All the formal aspects we need to describe an IN-jet cross section appear
already in the 3-jet cross section, so we will give explicit details only for that case. We will use the
framework of Soft-Collinear Effective Theory (SCET), developed in [19, 21, 33, 29], to formulate
the factorization theorem. We begin with a basic review of the relevant aspects of the effective
theory.

4.1 Overview of SCET

SCET is the effective field theory for QCD with all degrees of freedom integrated out,
other than those traveling with large energy but small virtuality along a light-like trajectory n, and
those with small, or soft, momenta in all components. A particularly useful set of coordinates is
light-cone coordinates, which uses light-like directions n and 7, with n? = 72 = 0 and n - n = 2.
In Minkowski coordinates, we take n = (1,0,0,1) and n = (1,0,0,—1), corresponding to collinear
particles moving in the 4z direction. A generic four-vector p* can be decomposed into components

pr=n-p—+n-p—+p. (4.6)

In terms of these components, p = (n - p,n - p,p,), collinear and soft momenta scale with some
small parameter A as
pn=E(L, A% N), ps~EMN NN, (4.7)

where F is a large energy scale, for example, the center-of-mass energy in an eTe™ collision. \ is
then the ratio of the typical transverse momentum of the constituents of the jet to the total jet
energy. Quark and gluon fields in QCD are divided into collinear and soft effective theory fields
with these respective momentum scalings:

q(z) = qn(x) + gs(x), A¥(z) = Ab(z) + As(x). (4.8)

We factor out a phase containing the largest components of the collinear momentum from the
fields gy, A,,. Defining the “label” momentum ) = 7 - ﬁn% + p{, where 7 - p, contains the O(1)
part of the large light-cone component of the collinear momentum p,,, and p; the O(\) transverse
component, we can partition the collinear fields ¢,, 4,, into their labeled components,

Z e PTg, o (2), Z e i AL, (4.9)
p#0 P#0

The sums are over a discrete set of O(1,\) label momenta into which momentum space is parti-
tioned. The bin p = 0 is omitted to avoid double-counting the soft mode in Eq. (4.8) [163]. The
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labeled fields ¢y, Anp now have spacetime fluctuations in z which are conjugate to “residual”
momenta k of the order EA2, describing remaining fluctuations within each labeled momentum
partition [33, 163]. It will be convenient to define label operators P* = i - Pn#/2 + P! which pick
out just the label components of momentum of a collinear field:

Pl p(z) = plénp(T) . (4.10)

Ordinary derivatives O* acting on effective theory fields ¢y, ,(z) are of order EA?.

The final step to construct the effective theory fields is to isolate the two large components
of the Dirac spinor ¢, for a fermion with lightlike momentum along n. The large components &,
and the small =, , can be separated by the projections

7 Sy = 1 (4.11)

—

£n7p = anﬂ)’ —=n,p — anvp’

and we have g, p = {up + Znp. One can show, substituting these definitions into the QCD La-
grangian, that the fields Z,, , have an effective mass of order E/ and can be integrated out of the
theory. The effective theory Lagrangian at leading order in A is [21, 33, 29]

Lscer = Le+ La, + Ls, (4.12)
where the collinear quark Lagrangian L is

Le = &) [m D DI ()

wiipt| §e(o), (1.13)

where W), is the Wilson line of collinear gluons,
1
Wh(z) = Z exp [—gn_ﬁ . An(ac)} ; (4.14)
the collinear gluon Lagrangian L4, is

2
La, = % Tr{ [m“ + gAl DY + gAn] }
g (4.15)

i 2Tr{cn [mw [m“ +gAn, an }+; Tr{ [mu, Ag} } ,

where ¢, is the collinear ghost field and « the gauge-fixing parameter; and the soft Lagrangian L
is

1
L= QSilDSQS (37) - 5 Tr GéwGsw/(x) ) (416)

which is identical to the form of the full QCD Lagrangian (the usual gauge-fixing terms are implicit).
In the collinear Lagrangians, we have defined several covariant derivative operators,

AH
DF = M — igAl —igAP | iDM =PH 4 gAl | DM =PF 4 m.D% . (4.17)

In addition, there is an implicit sum over the label momenta of each collinear field and the require-
ment that the total label momentum of each term in the Lagrangian be zero.



93

Note the soft quarks do not couple to collinear particles at leading order in A. Meanwhile,
the coupling of the soft gluon field to a collinear field is in the component n- A only, according
to Egs. (4.13) and (4.15), which makes possible the decoupling of such interactions through a field
redefinition of the soft gluon field given in [29]. We will utilize this soft-collinear decoupling to
simplify the proof of factorization below.

The SCET Lagrangian Eq. (4.12) may be extended to include collinear particles in more
than one direction [20]. One adds multiple copies of the collinear quark and gluon Lagrangians
Eqgs. (4.13) and (4.15) together. The collinear fields in each direction n; constitute their own
independent set of quark and gluon fields, and are governed in principle by different expansion
parameters A associated with the transverse momentum of each jet, set either by the angular cut
R in the jet algorithm or by the measured value of the jet shape 7,. Each collinear sector may be
paired with its own associated soft field A, with momentum of order EA? with the appropriate .
For the purposes of keeping the notation tractable while proving the factorization theorem in this
section, we will for simplicity take all A’s to be the same, with a single soft gluon field A, coupling
to collinear modes in all sectors. In Sec. 7.4, we will discuss how to “refactorize” the soft function
further into separate soft functions each depending only on one of the various possible soft scales.

The effective theory containing N collinear sectors and the soft sector is appropriate to de-
scribe QCD processes with strongly-interacting particles collimated in N well-separated directions.
Thus, in addition to the power counting in the small parameter A within each sector, guaranteeing
that the particles in each direction are well collimated, we will find in calculating an IN-jet cross
section the need for another parameter that guarantees that the different directions n; are well
separated. This latter condition requires ¢;; > 1, where t;; is defined in Eq. (4.5).7

4.2 Jet Shape Distribution in ete™ — 3 Jets

Consider a 3-jet cross section differential in the jet 3-momenta P 3 3, where we measure
the shape 7} of jet number 1. The full theory cross section for ee™ — 7* — 3 jets at center-of-mass

energy () is

do 2 454
drld3Py 53 QQ Z (X5 Ly|” (2m)763(Q — pX)‘SN(J(X)),:%
3 (4.18)
x 0(74 — Taljet 1)) H (P; — P(jet j)),

where the J(X) is the jet algorithm acting on final state X, and N(J (X)) is the number of jets
identified by the algorithm [23]. P(jet j) is the 3-momentum of jet j, and is also a function of the
output of the jet algorithm J(X). L, is the leptonic part of the amplitude for ete™ — ~v* — qqg.
The current j* is

3= 7, (4.19)

"This condition is a consequence of our insistence on using operators with exactly N directions to create the final
state. We could move away from the large-t limit and account for corrections to it by using a basis of operators
with arbitrary numbers of jets and properly accounting for the regions of overlap between an N jet operator and
(N =+ 1)-jet operators. This is outside the scope of the present work, where we limit ourselves to kinematics well
described by an N-jet operator, and thus, limit ourselves to the large-t limit.
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summing over colors a. For simplicity we work with a single quark flavor.

When the three jet directions are well separated, we can match the QCD current j*(z)
onto a basis of three-jet operators in SCET [31, 165]. We build these operators from quark jet
fields x,,, related to collinear quark fields &, by x, = W;{fn, where W, is given by Eq. (4.14), and
a gluon jet field B;- related to gluons A,, by

1
Br = EWJ(PL + AHwW,. (4.20)

The matching relation is

ju(qj) = Z Z ei(ﬁl_ﬁ2+ﬁ3).xcggy(n17151;n2>]52§n3>]53)9221,p1 (gBi:pg)Xg%pg(x)v (421)

n1M2N3 P1P2p3

with sums over Dirac spinor indices «, 8 and Lorentz index v, and over label directions n1 23 and
label momenta pq2.3. We have chosen to produce a quark in direction ny, antiquark in ns, and gluon
in n3. The matching coefficients C* 5, are found by equating QCD matrix elements of j# to SCET
matrix elements of the right-hand side of Eq. (4.21). These coefficients have been found at tree
level in [165]. The number of independent Dirac and Lorentz structures that can actually appear
with nonzero coefficients is considerably smaller than suggested by Eq. (4.21) due to symmetries.
We will keep the form of these coefficients general to make extension to N jets transparent, which
would require the introduction of a basis of N jet fields in Eq. (4.21), with specified numbers of
quark, antiquark, and gluon fields. We will not write the details for an IN-jet cross section here, but
the procedures are obvious extensions of all the steps in factorizing the 3-jet cross section below.

As a final step before factorization, we redefine the collinear fields to decouple collinear-soft
interactions in the Lagrangian [29]:

Xn(@) = Y, (2)x ) (2) (4.22a)
(@) = X0 (2) Y, (2) (4.22b)
Ap(z) = Youl(z) AV (2) (4.22¢)

where Y,, is a Wilson line of soft gluons along the light-cone direction n,
o0
Y, (xz) = Pexp {zg/ dsn-As(ns+z)| , (4.23)
0

with Ay in the fundamental representation.® ), is similar but in the adjoint representation. The
new fields XS)), A%O) do not have interactions with soft fields in the SCET Lagrangian at leading order

in A. Henceforth, we use only these redefined fields, but for simplicity drop the (0) superscripts.

8The path choice (0 to oo) in Eq. (4.23) is convenient for outgoing particles. The physical cross section is
independent of whether the path goes to £oo if the transformation of the external states X is also taken into account
(9.
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The cross section in SCET can now be written,

do L? 3
d71dP, 45 602 > On(g(x)30(7a — Taljet 1) H (P; — P(jet j))
a 1< X :

X Z 2/ x (@ PriPa—pa) “Chpy (11,235 91,2,3)Cliys,p(n1,2,3: P1,2,3)

n1,2,3 P1,2,3

(4.24)

—ad A
X (0] T{ 0 Ve VAP (BB VTV ie o, (@) } 1X)

X {  Vi YEP 0B TR Y, (0) [0)

To proceed to factorize this cross section, it is convenient to rewrite the remaining delta functions
that depend on the final state X in terms of operators acting on X. Those quantities depending
on the jet algorithm J can be rewritten in terms of an operator containing the momentum flow

operator,
o0

Eu(n) = lim dtn;T,;(t, Rn), (4.25)

R—oo Jg
where 7}, is the energy-momentum tensor. The operator £,(n) measures the flow of four-momentum
P, in the direction n (cf. [18, 150, 44]), and the jet algorlthm J can be written as an operator J
acting on the momentum flow in all directions [23]. Correspondingly we can define an operator for
the 3-momentum of the jet, f’(J](j)) In addition, the event shape 7,(jet 1) can also be expressed
as an operator 7,(Jy(J)), built from the momentum flow operator, acting on the state | X) (cf.

[18]):
Fo(J1(T)) = / dn eI ER(M)O (1 — Nmin(J1(T))) - (4.26)

The operator is constructed to count only particles actually entering the jet in direction nq de-
termined by the action of the jet algorithm (for simplicity we will suppress the argument Jl(j )
of 7, in the following, but add a superscript for the jet number). Using these operators, we can
eliminate the X dependence in the delta functions in Eq. (4.24) and perform the sum over states
X, obtaining

do i(Q- . .
P1+p2—p3)-T . * .
i1 P 2 6Q2 ni 3p§ / ze 4o (111,2,3591,2.3) Crinsp(11,2,33 1,2,3)
1,2,3

x <0|T{>-<:; W YAAP GBS TAY I, ()} w.2m)
4.27

3
X 0 N(D)3 H (j)))

J
- CcD(,glvD h
XHﬁhW@ <¢wngwmmmw»
The matrix element can be calculated as the sum over cuts of time-ordered Feynman graphs, with
the delta function operators inside the matrix element enforcing phase space restrictions from the
jet algorithm and jet shape measurement on the final state created by the cut.
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The operators 7, and J depend linearly on the energy-momentum tensor, which itself
splits linearly in SCET into separate collinear and soft pieces,

T = Thi+T,, (4.28)
7

which will aid us to factorize the full matrix element in Eq. (4.27) into separate collinear and soft
matrix elements. To achieve this factorization, however, we must make some more approximations:

1. The contribution of soft particles and residual collinear momenta to the momentum P(jet j)
of each jet can be neglected, and the jet momentum is just given by the label momentum p;
of the collinear state |X;). Thus the energy and jet axis of each jet is approximated to be
that of the parent collinear parton initiating the jet. In particular, the mass of the jet is order
A? compared to its energy. So in this approximation we take the jet energy to be equal to the
magnitude of its 3-momentum. On the other hand, we keep the leading non-zero contribution
to the angularity even though it is also of order A\2. These approximations also require that
we treat the energy of any particles outside all of the jets, and thus the cutoff A, as a soft or
residual energy.

2. The Kronecker delta restricting the total number of jets to 3 can be factored into three
separate Kronecker deltas restricting the number of jets in each collinear direction n; to 1,
and one Kronecker delta restricting the soft particles not to create an additional jet. This
approximation requires the separation between jets to be much larger than the size of any
individual jet so that different jets do not overlap. Factoring the restriction on the number
of jets in this way is one reason that the parameter ¢;; in Eq. (4.5) is required to be large.

We describe to what extent the algorithms we consider actually satisfy these two approximations
in Sec. 4.4. For now we assume these approximations and facts hold, which allows us to factor the
cross section Eq. (4.24),

do L2
_ 14 . * .
T TdE 538 25 602 DN (2 w128)Csp (M1 233 w128)

n1,2,3 W1,2,3

X /d4x ei(Q_“’l"l/gJ”"?"Q/2_“3”3/2)“/dTJde5(T; —Tj—TS)

AN1\ e w1
X 01X (23 7107 = TS, (010} 8 (B = 1) 0%(2 = ma) (4.29)
w2

X (0 X8 -y (@) 1 X (0) 1006 (B2 = 27 ) 6%(02 — )

w3

% (01 (9B, @)y 7)1 (9Brey 5,(0) 10) 6 (Bs = 57 ) 6%(2 — my)

ylab 5(rs — #2)YIY I TBY IRV (0) |0)

berp Ay tde
X <0’ no Yr:rgcTchng Yrjff(x)éN(j)p n3~ij tns
We have rewritten the cross section to be differential in F; (the magnitude of P;) and €; (the
direction of P;). In the sum over label directions, n; can be chosen to align with P; such that
P = 0. In Eq. (4.29) we have written the label momentum as w; = 7; - §;. In Eq. (4.1) we

approximate the jet axis by this n; and the jet energy by n; - p;/2, so that they do not depend
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on soft momenta at all. The operators 7' and 7; are defined to count only particles inside the
measured jet identified by the algorithm.

In the soft matrix element in Eq. (4.29), we have introduced the soft Wilson line Y, in
the antifundamental representation to remove the time- and anti-time-ordering operators 7, T in
Eq. (4.24) [24], and related Wilson lines ), in the adjoint representation to those in the fundamental
representation by [29]

VABTE — yirTdy, . (4.30)

Defining the jet functions by the relations

d k ik e AN\ ceq
[ e mnantrronn 1) (1) 67 = 0L, (003 7,180s ~ 72 O)10) (4310)
i

@) ;
d4k‘2 —iko-T %2 ah as
/ @)t e Ty s (N2 k2) ( 5 355 = (0] X (:U)(SN(J) 1Xn2,w2( ) |0) (4.31b)
d*k T )
/ (27r)3 iks3- Ins ws (ng-kg) v§AB — ) (0] gB"J{Spa£3)5N(j)7l(gBTJL_3,53) 0, (4.31c)

and the soft function by

d4’l" —ir-x 1 iR vdl Avt T A8
e S(1s,r) = ~ Tr(0|Y,, Y, . T7Y, Y] (z )5N(j),05(75_7—a)

(2m)* oCr st (4.32)
X Y, Yo, TPY;,, Y 1, (0) 0)
we can express the cross section Eq. (4.29) as
do _ LQNCCF Z Z d4.ilf ei[Q—(w1n1—w2n2+w;;n3)/2]~a:
dT&dE17273d291’273 6@2 nas W13
x Clls,(n1,2,3;w01,2,3)Cposp(n1,2,3,w1,2,3) <%21> (?) g7’
Yo Bé
(4.33)

3
X /dTJdTScS(Tal — Ty —7TS) H5 (E — —) 52((2 — n;)
i=1

[ e [ A2 g [ B [
(2m)* (2m)* (2m)* (2m)?
X Jnl,wl (TJ7 ny- k‘ll)']’nz,fwz (nQ : k2)Jn3,w3 (TL3 : k3)S(TS7 T) )

where now P; = E;(1,n;). The jet functions depend only on the smallest component of momentum
n;-k; in each collinear direction. The residual and soft momenta appearing in the exponentials can
be reabsorbed into the label momenta by a series of reparameterizations of the label momenta and
directions, under which the SCET Lagrangian is invariant [162]. The three-jet operator Eq. (4.21)
will receive corrections of order A? (which we can drop) under the reparameterizations we perform
below, or can be constructed from the outset to be explicitly reparameterization invariant (RPI)
[165].
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First, collect the residual and soft momenta together by defining K = ki + ko + ks + 7.
We can decompose x in n; light-cone coordinates, so

e—iK-x _ e—i(ﬁyK ni-x/24n1-Knr-ax/24+K11-®11) _ (434)

Performing a type-A transformation (in the language of [162]) on the label momentum p; = wini/2,

w1 D w+n- K, (435)
and a type-IB transformation on the vector n; itself,
2
ng—n +AL, At ="Kt (4.36)
w1

shifts the label momentum on the jet function 1 by wini/2 — (w1 + 71 - K)ny1/2 + K11. The
summation variables nq,w; can then be shifted to eliminate nq - K and K |1 from the exponentials
entirely. We drop all corrections suppressed by A? due to these shifts.

It remains to absorb the n; - K component of residual and soft momentum, appearing
in the exponential factor e~ K71%/2 " Thijs cannot be achieved by RPI transformations in the
n1 sector since this momentum is purely residual—there is no label momentum in this direction.
However, in a multijet cross section, i1 can be written as a linear combination of no, n3, and, say,
n, o (unit vector transverse to na, 7i2), so that RPI transformations on ws, ws and ny similar to those
above can absorb nj - K into the label momenta also. Then, the z-dependent residual and soft
exponentials all disappear, and we can combine the nine superfluous n; - k; and k| ; integrals with
the nine discrete sums over label directions and momenta to give continuous integrals over total
momenta. Performing these with the remaining energy and direction delta functions in Eq. (4.33)
and the x integral with the remaining exponential gives the momentum conservation delta function
54(Q — ElTLl — E2n2 — Egng).

The resulting cross section Eq. (4.33) takes the form

do do(©)
= H - FE drydrsd(t) — 15 —
drldE123d’n1 93  dE123d’n 93 (m1.2. 1’2’3)/ Tydrs0(ry =7 = 7s)

X/dnl-kl/dn2~k2/dn3-k3/ d4’l“ (4.37)
27 27 27 (2m)*

X Iy 28, (Tg, 11 - k1) Ing 28, (N2 - k2) Iy 285 (03 - k3)S(7s,7) ,

where we used that the matching coefficients Cg By(ni; p;) are such that, by construction, the right-

hand side at tree-level is simply the Born cross section (denoted by 0'(0)) for eTe”™ — qgg times
§(7}). The hard function H = 1 + O(ay) is determined by calculating the matching coefficients C
order-by-order in perturbation theory.

The above may be modified in the obvious ways to describe the antiquark or gluon jet
angularities, by moving the appropriate delta function 6(7i—7,(jet )) into the J; or J3 jet functions.
In addition, we may choose from among various jet algorithms. The choice determines what ©-
function restrictions must be inserted into the final state phase space integrations created by cutting
the jet and soft diagrams to determine which particles make it into the jet. Aslong as the algorithm
is such that the approximations enumerated above hold, it will not violate factorization of the jet
shape cross section. We will discuss factorization and its potential breakdown in the context of
particular jet algorithms below.
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4.3 Jet Shapes in eTe” — N jets

To generalize the result Eq. (4.37) to an arbitary number N of jets, we simply add more
quark and gluon jet fields to the operator matching in Eq. (4.21), and obtain the corresponding
number of quark and gluon jet functions in Eq. (4.21), along with a hard coefficient and a soft
function for N jet directions. Consider an event with 2V, quark and antiquark jets and N, gluon
jets, where 2N, + N, = N. Furthermore, we can choose to measure the angularity shape for any
number of these jets. Achieving a factorization theorem that remains consistent for any of these
combinations is a nontrivial task and thus a powerful test of the validity of the effective theory.

For an N = 2N, + N, jet event, we generalize the matching of the QCD current in
Eq. (4.21) to:

(= = wapn, b1by, A1 A
1z — § i(Pr4-+DN )@ AL ENG 01 ONg 417 AN . =~
J (.I') - Z € al"'aNq/BI"'ﬂNqu"'VNg (nlaph anN7pN)

NNy p1Py

Nq Nq /3 b Ng (438)
—ovas ibj 1y A
[T xniss @) T xur 25, (@) T (9Bs 5 ) (@)
i=1 j=1 k=1

with implicit sums over Dirac spinor indices «;, 3;, Lorentz indices v, (anti-)fundamental color
indices a;, b;, and adjoint color indices Ay. The N jet cross section differential in M jet shapes,
with M < N, factors in SCET into the form
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where (© is the Born cross section for ete™ to Ny quarks, N, antiquarks, and N, gluons; the
color indices on the hard and soft functions H and S allow for color mixing; and f; is the flavor of
each jet function (quark, antiquark, or gluon). H itself is determined by calculating the matching
coefficients C' in Eq. (4.38). The jet functions have the same definitions given in Eq. (4.31), and
the soft function is given by the appropriate generalization of Eq. (4.32) with Wilson lines in the
directions and color representations corresponding to the choice of fields in Eq. (4.38). We rearrange
the order of flavor and color indices in the hard and soft functions to agree with the choices of flavor
indices on the jet functions.

4.4 Power Corrections to Factorization in the Presence of Jet Algorithms

Factorization of observables in the presence of jet algorithms can break down in a number
of ways, for instance, when power corrections become too large. We will argue in this section
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that power corrections for jet angularities induced by all commonly used algorithms can give O(1)
effects unless the jet size R is parametrically larger than A\.° In order to use algorithms that have
R ~ A, we would need to minimize power corrections associated with the assumptions that we
made in deriving the factorization formula, Eq. (4.39), regarding the action of jet algorithms on
the final state. In general, the size of these power corrections depends both on the algorithm
and the observable. Power corrections to the pr of a jet arising from perturbative emissions (as
well as from hadronization and the underlying event in pp collisions) for various jet algorithms
were explored in [98]. These power corrections arise for similar reasons as those we discuss below,
namely, perturbative emissions changing which partons get combined into the jet. Ref. [98] finds
that such power corrections scale like In R for small R. This result agrees with our qualitative
discussion below, where we argue that power corrections to jet angularities arising from the jet
algorithms we use are minimized when R is O(1).

One assumption that is independent of the choice of algorithm is in setting the jet axis
equal to the label direction n. Since this neglects the effects of soft particles, it is valid up to O(\?)
corrections. It was argued in Refs. [18, 47, 157] for the case of hemisphere jet algorithms that these
corrections in turn induce corrections to the angularity 7, of order A2~ which for 7, ~ A2, are
subleading for a < 1. Essentially the same arguments can be applied to all of the algorithms we
consider.

The main difference among jet algorithms is in which soft particles are included in a jet.
For observables that scale as O(1), such as the jet energies and 3-momenta, the contribution of
soft momenta can be neglected since they scale as O()\2?). Clearly then, these observables are not
dependent on our choice of jet algorithm and so the assumptions we made about factorization of
the algorithm in deriving Eq. (4.39) are trivially satisfied.

However, for observables that scale as O(\?) such as angularities, soft contributions be-
come important and so the details of the algorithms we consider become relevant. We now demon-
strate that all of the algorithms we consider miscount soft particles in an angular area of O(\?)
relative to what the soft function can include, which is an area of O(R?). This means that any
measurement that is sensitive to soft momenta needs jets of size R > A for these power corrections
to be considered negligible. This miscounting arises due to the fact that factorization requires
that collinear particles be combined first, and that the soft function only knows about the parent
collinear direction. None of the algorithms that we consider strictly obey this ordering.

In Fig. 4.1, we illustrate the actions of the kt and anti-kt algorithms in relation to the
action of the soft function for the example of one parent particle splitting into two collinear daughter
particles separated by an angular distance 6;;. The two dots represent the daughter particles and
the “x” denotes the parent particle. Factorization assumes that all soft particles only know about
the parent particle, and hence the soft function can only include particles in a circle of radius R
around the parent particle.

The kt algorithm effectively finds the softest particle and then combines this particle with
its nearest neighbor. This process is iterated until all particles within a distance R are combined.
Since collinear particles are combined last, all soft particles within two circles of radius R about the

9We noted earlier that there may be different \’s for the SCET modes describing different jets. For measured
jets, A> ~ 7., while for unmeasured jets, A ~ tan(R/2), and for soft gluons outside jets, A ~ A/Q. Here it is mainly
important that R be much bigger than the scale associated with 7,. But if R is too large, the separation parameter
t o 1/tan(R/2) becomes too small. We will consider R ~ 0.7 to 1 to be safe.
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Figure 4.1: Error induced by the (A) kr and (B) anti-kt algorithms at NLO. Both the algorithm
and the soft function merge the large white circle. The algorithm also merges the cross-hatched
area which occupies a region of phase space which is of (’)(0%) for both algorithms.

daughter particles are included,'? as shown in Fig. 4.1A. The area that the kr algorithm includes
that the soft function does not is represented by the cross-hatched region, which is an area of 0(922])
This must be parametrically smaller than the area included by the soft function for the associated
power corrections to be small. We thus require that R > 6;; ~ A in the SCET power counting.

The anti-kt algorithm at first sight combines particles in a manner that is closer to
respecting factorization. It finds the hardest particle first and merges particles at successively
larger distance from this particle. For the example of two daughters, it will merge all soft particles
with the hardest daughter that are closer than the distance to the softer daughter before merging
the two daughters and then merging all soft particles a distance R from the merged daughter (i.e.,
the parent) particle, as shown in Fig. 4.1B. As the Figure illustrates, the cross-hatched area of the
anti-k jet tends to be less than that of the kr jet, but it is still formally of O(G?j) Again, we
require that R > A for this algorithm to be applicable.

Unlike the kp-type algorithms, cone algorithms such as the SISCone algorithm do not
induce errors in which soft particles to include when there are only two collinear daughter particles.
However, at higher orders in perturbation theory, stable solutions may exist with overlapping cones
when collinear splittings are of the order of the cone radius R. In these cases, the amount of
radiation that falls into the overlapping region is used to decide whether the cones are split or
merged. If merged, the resulting region has the appearance of Fig. 4.1A. Thus, as for the k-
type algorithms, we require that R is parametrically larger than the SCET parameter A for power
corrections to all-orders factorization to be small. For the remainder of this chapter, we take R to
be O(1) in the A power counting and we will mainly be concerned with the resummation of the jet
observables such as angularities 7, in the presence of jet algorithms.!!

Another requirement for the validity of the factorization theorem is that the factorized jet
and soft functions be separately IR safe, which is a stronger condition than the full cross section
being IR safe. If the observable [134, 135] or algorithm [85] too strongly weights final states with
narrow jets whose invariant masses are the same as the virtuality of soft particles, then the jet

1980ft particles in this region can also by removed from this region by merging with other soft particles outside of
the region and vice-versa, but this average area suffices for our discussion.

"Because small R (< 0.3) jets cannot be well resolved in current experiments, resummation of logarithms of R is
not of primary practical importance in the near future.
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L:

Figure 4.2: A representative diagram for the NLO quark and gluon jet functions. The incoming
momentum is [ = Fw + %ZJF and particles in the loop carry momentum ¢ (“particle 1”7) and [ — ¢
(“particle 27).

and soft functions for the observable in standard SCET with dimensional regularization become
IR divergent. When this occurs it does not necessarily mean that factorization is not possible; but
at least not in the standard form derived from the version of SCET we utilized above. It could
be, for example, that a scheme to further separate modes by defining the theory with an explicit
cutoff [85] or by factorizing modes by rapidity instead of virtuality [163] can restore a version of the
factorization theorem. We leave a explicit study of which algorithms and observables give IR safe
jet and soft functions in SCET in dimensional regularization for a separate publication. However,
we note here that the algorithms and observables (7, for a < 1) that we consider in this chapter,
at least at NLO, do give rise to IR safe jet and soft functions.

In addition to minimizing power corrections to ensure factorizability, in order to resum
logarithms of jet algorithm parameters to all orders in perturbation theory, the algorithms have to
act at all orders in perturbation theory in a way that mimics what they do at NLO. Otherwise, we
cannot use information from a fixed order in perturbation theory to obtain all-orders resummed
results. The JADE algorithm is one well-known example in which resummability even of leading
logarithms of the jet mass cut y is spoiled by the differences in the jet phase space at different orders
in perturbation theory [57]. > We do not in this work tackle the full problem of resummability of
logarithms of R and other phase space cuts, but instead focus just on resumming logs of the jet
shape 7, when the jets are defined with an algorithm.

5 Jet Functions at O(ay) for Jet Shapes

In this section, we calculate the quark and gluon jet functions for jet shapes at next-to-
leading order in perturbation theory. The jet functions can be divided into two categories: those
for measured jets, which are fixed to have a specific angularity 7,, and those for unmeasured jets,
which are not. We will denote the quark jet function by JZ, the gluon jet function by JJ, where
w is the label momentum, and a jet function J%9(7,) with an argument of 7, denotes a measured
jet. We will calculate the jet functions for the two classes of jet algorithms, kp-type and cone-type
algorithms.



103

5.1 Phase Space Cuts

To calculate the jet functions for a particular algorithm, we must impose phase space
restrictions in the matrix element. From the jet function definitions, Eq. (4.31), these cuts take two
forms. One kind, imposed by the operator 5N(j),1 in Eq. (4.31), is common to every jet function.
It is the set of phase space restrictions related to the jet algorithm, and requires exactly one jet
to arise from each collinear sector of SCET. The other, imposed by the operator §(r, — 7,), is
implemented only on measured jets and restricts the kinematics of the cut final states to produce
a fixed value of the jet shape. In this section we describe these phase space cuts in detail.

The typical form of the NLO diagrams in the jet functions is shown in Fig. 4.2. As shown
in the figure, the momentum flowing through the graph has label momentum [~ = n -] = w and
residual momentum [T = n - [, and the loop momentum is ¢. We will label “particle 17 as the
particle in the loop with momentum ¢ and “particle 2” as the particle in the loop with momentum
[ — q. For the quark jet, we take particle 1 as the emitted gluon and particle 2 as the quark.

As usual, the total forward scattering matrix element can be written as a sum over all
cuts. Cutting through the loops corresponds to the interference of two real emission diagrams, each
with two final state particles, whereas cutting through a lone propagator that is connected to a
current corresponds to the interference between a tree-level diagram and a virtual diagram, each
with a single final state particle. Thus, the phase space restrictions and measurements we impose
act differently depending on where the diagrams are cut. In addition, since we will be working
in dimensional regularization (with d = 4 — 2¢), which sets scaleless integrals to zero, the only
diagrams that contribute are the cuts through the loops. This means that we only need to focus on
the form of phase-space restrictions and angularities in the case of final states with two particles.

The regions of phase space for two particles created by cutting through a loop in the jet
function diagrams can be divided into three contributions:

1. Both particles are inside the jet.
2. Particle 1 exits the jet with energy Fq < A.
3. Particle 2 exits the jet with energy Fo < A.

In contributions (2) and (3), the jet has only one particle, which is the remaining particle with
E > A.

It is well known that collinear integrations of jet functions can be allowed to extend over all
values of loop momenta so long as a “zero-bin subtraction” is taken from the result to avoid double
counting the soft region already accounted for in the soft function [163]. We will demonstrate that
contributions (2) and (3) are power suppressed by O(A/w), which scales as A2, after the zero-bin
subtraction.

The phase space cuts that enforce both particles to be in the jet depend on the jet
algorithm. There are two classes of jet algorithms that we consider, cone-type algorithms and
(inclusive) kp-type algorithms, and all the algorithms in each class yield the same phase space
cuts. We label the phase space restrictions as ©¢one and Oy, generically ©,1,. For the cone-type

12 Another obvious example that will not work, just to illustrate the issue, is using a kp-type algorithm with R
randomly chosen for each recombination. This is clearly such that resummation of logarithms of R cannot be achieved.
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algorithms,

R + R 1T —q"
Ocone = Ocone(q,17) = O <tan2 — > q_) C) <tan2 — > q_) . (4.40)
2 q 2 w—q
These © functions demand that both particles are within R of the label direction. For the kp-type
algorithms, the only restriction is that the relative angle of the particles be less than R:

- 72
Oy = Ok, (q,17) =0 | cosR < ¢l=q
12+ — 251
+,2
-0 (tanQR > qw2> . (4.41)
2 ¢ (w—q)

In the second line we took the collinear scaling of ¢ (¢t < ¢~). While this is not strictly needed,
it makes the calculations significantly simpler.

For the phase space restrictions of zero-bin subtractions, we take the soft limit of the
above restrictions. The zero-bin subtractions are the same for all the algorithms we consider. For
the case of particle 1, which has momentum ¢, the zero-bin phase space cuts are given by

-
o) =el%,. =06 =6 (tan2 g > Z_) . (4.42)
The zero bin of particle 2 is given by the replacement ¢ — [ — q.

For all the jet algorithms we consider, the zero-bin subtractions of the unmeasured jet
functions are scaleless integrals.!> However, for the measured jet functions, the zero-bin subtractions
give nonzero contributions that are needed for the consistency of the effective theory.

In the case of a measured jet, in addition to the phase space restrictions we also demand
that the jet contributes to the angularity by an amount 7, with the use of the delta function
dr = 0(74 — T4), which is given in terms of ¢ and [ by

1

1
br = (g, 1) = < — (= g )T - gt

<q—>“/2<q+>1—a/2>. (4.43)

w

In the zero-bin subtraction of particle 1, the on-shell conditions can be used to write the corre-
sponding zero-bin J-function as

o =6 (7= L)) (.4

w

(and for particle 2 with ¢ — [ — q).

5.2 Quark Jet Function

The diagrams corresponding to the quark jet function are shown in Fig. 4.3. The fully
inclusive quark jet function is defined as

apf
[t oL = (3) e, (4.45)

3Note that algorithms do exist that give nonzero zero-bin contributions to unmeasured jet functions [85].
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Figure 4.3: Diagrams contributing to the quark jet function. (A) and (B) Wilson line emission
diagrams; (C) and (D) QCD-like diagrams. The momentum assignments are the same as in Fig. 4.2.

and has been computed to NLO (see, e.g., [25, 53]) and to NNLO [38]. Below we compute the quark
jet function at NLO with phase space cuts for the jet algorithm for both the measured jet, J&(7,),
and the unmeasured jet, JZ. As discussed above, we will find that the only nonzero contributions
come from cuts through the loop when both cut particles are inside the jet.

5.2.1 Measured Quark Jet

The measured quark jet function includes contributions from naive Wilson line graphs (A)
and (B) and QCD-like graphs (C) and (D) in Fig. 4.3. The sum of these contributions is

~ . It 1 dig [ 1t It — gt _
J& (7 —9M2C/ /(%)d<q +(d—2)— = >2ﬂ5(q gt —q1)

(4.46)

x O(q7)0(¢")2md <l+ T a > O(w—q )OIt —qh) ©.150R -

The contribution proportional to d — 2 comes from the QCD-like graphs (C) and (D) in Fig. 4.3.
Only the Wilson line graphs have a nonzero zero-bin limit, which comes from taking the scaling
limit ¢ ~ A? of the naive contribution:

it 1

dlq 1 -
T8O (1) = 4¢° 1> Crr /27r z+/ L ~2mo(a g —a1)8(a)e(g")

x 218 (I — g7) O(F — q+) @g;;agy .

(4.47)

All jet algorithms that we use yield the same zero-bin contribution, since the phase space cuts are
the same.

To evaluate these integrals, we can analytically extract the coefficient of §(7,) by integrat-
ing over 7, and using the fact that remainder is a plus distribution, as defined in Eq. (4.138). We
find the naive contribution is

€
~ asCp 1 47T,u2 1 3 o =~
Ji(1,) = = S+ -—]6 —=Ji : 4.48
w(7a) 2r I'(1—e¢) <w2 tan? & €2 * 2e (7a) + 27 aig(Ta) (4.48)
The only difference between the jet algorithms that we consider resides in the finite distribution
ngg(Ta), which is a complicated function of 7, that we give in Appendix 4.A. Note that the

divergent part of the naive contribution is proportional to §(7,). This is due to the fact that the
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jet algorithm regulates the distribution for 7, > 0. The divergent plus distributions come entirely
from the zero-bin subtraction, which is given by

asCp 1 (47Tu2 tan2(1—a) 12%)6 1 1
(

(0 —
JE0 () = T T(1—¢) w? 1—a)erit2e’

(4.49)

Adding the leading-order contribution to all of the NLO graphs and expanding in powers
of €, adopting the MS scheme, we find the total quark jet function,

1—%1_|_1—%11 ur 3

- c
q -5 q _oga0) — ) gy GsTE = 2
To(7a) = 0(7a) + Ji(7a) = S5 { + 1-ae2 1-ae w? @ 4e

™

1 1 O(r) (4.50

asCr
el—a 7,

™

This agrees with the standard jet function J(k™) given in [25, 53] by setting a = 0 and kT = w,.
We have shown the divergent terms explicitly, and collect the finite pieces in ngg(Ta), which we
give in Eq. (4.149). Note that there is no jet algorithm dependence in the divergent parts of the
jet function at this order in perturbation theory.

5.2.2 Gluon Outside Measured Quark Jet

In this section we calculate the contribution to the quark jet function from the region
of phase space in which the gluon exits the jet carrying an energy F, < A. This cut causes the
contribution to be power suppressed by A /w, which scales as A2. However, we elect to evaluate this
case explicitly as it provides a clear example of the zero-bin subtraction giving the proper scaling
to the total contribution. We only evaluate this contribution for the cone algorithm; the details of
the kt algorithm calculation are similar. Note that the contribution when the quark is out of the
jet is power suppressed at the level of the Lagrangian given in Sec. 4.1, in which soft quarks do not
couple to collinear partons at leading order in A.

For the cone algorithm, the gluon exits the jet when the angle between the jet axis, nj,
and the gluon is greater than R. When the gluon is not in the jet, the cone axis is the quark
direction, and so it makes no contribution to the angularity. Therefore, this region of phase space
contributes only to the d(7,) part of the angularity distribution.

For the naive contributions, requiring the gluon to be outside the jet and have energy less
than A, we have the integral

. o fdt 1 odlg (1 It — gt .
T = e [ 5 [ (1 @20 = ) ami(a gt - a2)

q w—q

< 0(¢)0(gH2s (1F — ¢ - q{) Ow— )0 — g") (451)
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Note that the theta function requiring ¢~ < 2A is more restrictive than ¢~ < w. Evaluating
Eq. (4.51) yields a contribution that scales with A only below the leading term in 1/e:

2 ¢ 2
jeout (%01 Amp 11 (aA 207 8A
JE5°" (1) 21 T(1—e¢) ((QAtan§)2> 6(7a) <€2 e\ T TS (4.52)

The zero-bin subtraction of Eq. 4.51 is

Jg),out(O)( =g M2€C / dil / (d ) <4 + (d — Q)Z — :7]7 ) 27‘(’5((_qu+ — Qi)

2m ‘< - “ (4.53)
X @(q_)@(q+)27r5 (I —q*)® <Z — tan® 2) ©(2A —q7) d(ra) -
Evaluating Eq. (4.53), we find the zero bin will exactly remove the leading term in 1/e:
= Cr 1 47 p? ‘ 1
Jaout(0)(py — _%s §(1a)—= 4.54
w (7a) 2r T(1—¢) \ (2Atan &)2 (7 )62 (4:54)

Therefore, the difference is power suppressed only after the zero bin is included. Because other
contributions when one particle is outside of the jet are similarly power suppressed, we will drop
them in our remaining discussion of the jet functions.

5.2.3 Unmeasured Quark Jet

When the angularity of a jet is not measured, the jet function has no 7, dependence. The
naive and zero-bin contributions are the same as Eqs. (4.46) and (4.47) except for the factor of dg.
The zero-bin contribution is

dit 1 dig 1 3
/ (e qt - ¢)ela)ela")

a(0) — 9,2,,2¢ R R
JZ 29 Can/27rl+

x 278 (It — ¢*) O(F — ¢*) @g;;.

(4.55)

This integral is scaleless and therefore equal to 0 in dimensional regularization. This implies that
the NLO part of the quark jet function for an unmeasured jet is just the naive result. We find,
making the divergent part explicit,

z « CF 1 3 1 /"[’2 o
Jo=1+Ji=1+——q5+_+-In|——4 J 4.56
w + w + ot {62 + % + c n <w2tan2 % + — o alg * ( )

is given in Eq. (4.150).1

where the finite part ngg

14The unmeasured jet function Eq. (4.56) is not simply obtained by integrating the measured jet function Eq. (4.50)
over 7,. This is due to the different relative scaling of R with the SCET expansion parameter ); in a measured
and unmeasured jet sector, as noted earlier. Namely, R ~ )\ in a measured jet sector (where A ~ \/Ta) while
Ak ~ tan(R/2) in an unmeasured jet sector.
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Figure 4.4: Diagrams contributing to the gluon jet function. (A) sunset and (B) tadpole gluon
loops; (C) ghost loop; (D) sunset and (E) tadpole collinear quark loops; (F) and (G) Wilson line
emission loops. Diagrams (F) and (G) each have mirror diagrams (not shown). The momentum
assignments are the same as in Fig. 4.2.

5.3 Gluon Jet Function

The diagrams needed for the gluon jet function at NLO are shown in Fig. 4.4. The fully
inclusive jet function, defined as

1
—;gi”(sAB JI(IH), (4.57)

/ d*z e (0] BI, (2) BY5,(0) |0) =
(with JZ(I*) normalized to 2md(I") at tree-level) has been calculated to NLO in Feynman gauge
in [31, 15, 126] and was reported to give the same result in both R¢ and light-cone gauges in [42].
Since our phase space restrictions and the observables act differently on cuts through loops and on
cuts through external propagators, it is useful to reproduce these results by explicitly cutting the

diagrams.
After some algebra, we find that the sum of all cuts through the loops gives
di+ di+
—JI(1T) = p* / /ddé (1—9)*)O(0<q”
/% 27) = %dl q 7)) 00 <q” <w)
v, (1 20T g (po e v aa (4.58)
RS 1—€ wlt A ¢ w-—q  wlt ’ ’
In the absence of phase-space restrictions, this reduces to the standard (inclusive) gluon jet function
JSIT)  as 4 4 20 4 11 67
w _ s 2 l+ —1—€ ToN - - e _ —_— = 52 . 4.59
o apt @) BV 3T T3 a7 7)° (4.59)

The measured and unmeasured jet functions are obtained by inserting ©,1,0r and O, into Eq. (4.58),
respectively.
We also record the zero bin that needs to be subtracted from Eq. (4.58). To leading-power



109

it is given by

[0 = i enits [ [dasaser - e -

+6((1-9)*)8(¢)O(w —¢7) ! } : (4.60)

5.3.1 Measured Gluon Jet

The naive contribution to the measured gluon jet can be written as

J9(14) Qs 1 drpP\© 1 1) /ld (2% '+ (1 )a—l)%
Ta) = — — x (x -z -
WY o T(1—e) | w? 1-5 \7a 0

X [TRNf (1 -7 i 6:c(l - 3:)> — Oy (2 - 95(11—95) — (1l — x)ﬂ Oug(z), (4.61)

where x = ¢~ /w. This gives

2 €
5g _ Qs 1 4
Jw(Ta) A1 1‘\(1 _ 6) <w2 tan2 % 5( )

where, as for the quark jet function, the finite distributions jglg(Ta) differ among the algorithms we
consider. They are given in Appendix 4.A.
The zero-bin result is

A tap2(l-a) B\ € 14-2¢
PR Sy LTSk A (1 B R
@ 7w I(l—¢)2rm w?

IS

ngg( Ta), (4.62)
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Subtracting the zero-bin from the naive integral and adding the leading-order contribution, we
obtain in MS

JI(1a) = 8(1a) + Jo(7a) — JIO(7,)

aSC'A 1—a/2 1, u? 111 Qs 1
“In )+ —==| — =2TrNj- ¢4
{ 1-a 62+enw2 T 1oe 30 e (7a)

CasCa 1 1(6(m)>+ 20y (). (4.64)

T l—ac Ta

The finite distribution J3)(7,) is given in Eq. (4.149).

5.3.2 Unmeasured Gluon Jet

As for the quark jet function, for unmeasured jets the naive and zero-bin contributions
are given by the measured jet contributions without the g constraint. Also, as it was for the quark
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jet function, the zero-bin contribution to the unmeasured jet function is a scaleless integral. Thus,
the final answer is just the naive result, which is given by

1 111 1 2 2
CA <2++IHM2R> —*TRNf

o o
JI =14+ = —=J9 . 4.65
“ + 21 € 6c € wtan®Z 3e + on " alg ( )

with the finite part ngg given in Eq. (4.157) in the Appendix.

6 Soft Functions at O(«;) for Jet Shapes

In this section we compute the soft function for a generic N jet event. In Sec. 6.1, we
describe the phase space cuts that we impose on soft particles emitted into the final state. We
then give an outline of how we disentangle the various contributions to the N-jet soft function in
Sec. 6.2 and proceed to calculate these contributions in the remaining subsections.

6.1 Phase Space Cuts

Soft particles in the final state must satisfy the phase space cuts required by the operator
) N(F)0 in Eq. (4.32), which constrains the soft particles to not create an extra jet. A soft particle
allowed in the final state if it is emitted into one of the jets as defined by the jet algorithm, or if it
is not in a jet by has energy less than a cutoff A. At NLO, only a single soft gluon can be emitted.
Therefore, for both cone-type and kp-type algorithms, the constraint that the soft gluon be in a
jet is simply that the angle of the gluon with respect to the jet axis satisfies ,; < R. Thus, our
requirement on soft gluons is that they obey one of the two following conditions:

in jet i: 045, < R
out of all jets: £, < A and 6,5, > R for all 7. (4.66)

These conditions can be written in terms of theta functions on the gluon momentum k. We denote
the energy restriction for out-of-jet gluons as

Or=0(K" < A), (4.67)

and we denote the requirement that a gluon be in jet i in terms of the light-cone components k*
about the the direction of jet i, n;, as

‘ kt
"=0 (k:— < tan? S) . (4.68)

For the case when the soft gluon is in a measured jet, we demand that it contributes an
amount 7, to the angularity of a jet with label momentum w with the use of the delta function

Sp=0 <Ta — i(k—)“ﬂ(kﬂl—“/?) . (4.69)
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Figure 4.5: Soft function real-emission diagrams. Diagrams (A) and (C) are interference diagrams
of Wilson line emission from lines i and j and (B) and (D) are from lines ¢ and k. The shaded
region in the center represents the region of phase space corresponding to jet k defined by the jet
algorithm, and so the gluons in diagrams (A) and (B) are inside jet k and those in (C) and (D) are
not. Each diagram has a corresponding mirror diagram (not shown).

6.2 Calculation of contributions to the N-Jet Soft Function

The topology of the various graphs that we need to compute the soft function is shown in
Fig. 4.5. The next-to-leading order part Sy of the soft function S is the sum of the interference
of soft gluon emissions from Wilson lines in directions ¢ and j, S;;, over all lines ¢ and j with i # j
(since for i = j, the diagram is proportional to n? = 0),

S(l) = Z Sij - (4.70)
i#]

It is conceptually straightforward to see that S;; is just the sum of the following three classifications
of the final state cut gluon:

e The gluon is in a measured jet and thus contributes to the jet angularity.
e The gluon is outside of all the jets and has energy E, < A.
e The gluon is in an unmeasured jet and has any energy.

However, the second contribution is technically difficult to compute due to the complicated shape
of the space with all jets cut out of it, like Swiss cheese. A division of phase space leading to a
simpler calculation is the following:

° Sg-‘eas(Tf): The gluon is in measured jet k and contributes to the jet’s angularity 7%.
. Sfj: The gluon is in jet k with energy E, > A (and does not contribute to 7¥).
° S’fj: The gluon is in jet k with energy Fy < A (and does not contribute to Tf)

. Sg‘d: The gluon is anywhere with E; < A (and does not contribute to any angularity).
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In terms of these pieces, the NLO soft function with M measured jets and N — M unmeasured jets
is given by

M
Soy(TasTas )= | Y SEe ) [T o)

1#j | k€meas l#k (4‘71)
3| (s- 3 s+ 3 st) Tl
1] kEmeas kémeas

From the definitions above, it is easy to see that the term in large parentheses on the second line is
equivalent to the sum of the last two contributions on the original list above, i.e., the contributions
from a gluon not in any jet with £y, < A and from a gluon in an unmeasured jet with any energy.

We can simplify this expression by noting that the contribution from a gluon in jet k
with no energy restriction involves a scaleless integral over the energy that vanishes in dimensional

regularization and thus
Sy+ Sk =0. (4.72)

Using this relation, the soft function simplifies to

M
Say(rd,...,mMy = spmeas T s(rl) + > spses(r, H5 (4.73)
l

k€meas I#k

where the first term in Eq. (4.73) is a universal contribution that is needed for every N-jet observ-

able, defined as
N
e = 3 (s 3 85 (11

i#j k=1
The second term, defined as,

Erll)eas a Z Smeas (475)
i#£]

depends on our choice of angularities as the observable.

We now proceed to set up the one-loop expressions for the contributions in Eq. (4.73).
The integrals involved are highly nontrivial and so in this section we simply quote the result of each
integral, referring the reader to Appendix 4.B for details. Most of these mtegrals are most easily
written in terms of the variable ¢;;, defined in Eq. (4.5) as t;; = tan QJ/tan 5, where 1);; is the
angle between jet directions i and j. (That is, n; - n; = 1 — cost;;.) In Table 4.2, we summarize
the divergent parts of the soft function.

The Feynman rules for the emission of a soft gluon from fundamental- and adjoint-
representation Wilson lines (corresponding to quark and gluon jets, respectively) have the same
kinematic structure. The difference is entirely encoded in the color charge of the Wilson lines
which, using the color space formalism of [69, 70], we denote as T; for emission from Wilson line
1. Thus, we can consider the N-jet soft function without specifying the color representation of the
final-state jets.
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6.2.1 Inclusive Contribution: S%;?CI

The contribution to the soft function from a gluon going in any direction with energy
E, < A is given by the integral
ddk n; - nj
27 (e - 1) (n; - )

Sl = g2, 2T, . T, / : 275 (k2)O(K) O . (4.76)

We evaulate this integral in Sec. 4.B.1 of the Appendix and find
; T, -T; (4np®>\ (1 1, ni-n; =2 2
S!I}CIZ—% ? J S| i J — — — 14 1— . 4.77
" 27 T(1 —€) \ 4A2 2 e 2 6 2 ni - n; (417)

Note that this calculation is related to the inclusive, timelike soft function that has appli-
cations elsewhere (see, e.g., [147, 43, 40]), generalized for non back-to-back jets:

d.Sincl d s
U g2, Tj/ d kd ng - N
dA (27‘1’) (TLZ : k:)(nj . k)

28 (k2O (K5 (kY — A). (4.78)

6.2.2 Soft gluon inside jet k with E, > A: S%

Using Eq. (4.72), the contribution Sf”j from a gluon emitted into jet k from lines i and j
is given by the integral

k 2 2 d’k ni - Ny 2 0\ ok
i J

Much like for the Sj7°* contribution, if k = 4, j, there is an additional divergence (arising from
ng - k — 0) relative to the case k # i, 7, and so we evaluate these two cases separately below.

6.2.2.1 Case 1: k =i or j The integrals for this case are performed in Sec. 4.B.2 of the
Appendix, with the result that ng is

€
11 A\ [ 6 s R (-1
il t = Lio [ ———
62F(1—e)<4A2> 21 e e
+2Li < 1 ) (4.80)
I2 P . .
cos? %(t?j -1)

6.2.2.2 Case 2: k #1i,j7 These contributions are at most 1/e divergent since the matrix element
does not have the ng - k — 0 singularity. We show in Appendix 4.B.3.2 that the result takes the
form

aSTi . T]'
4T

Jo_ gi _

k — _Ysmpo .
Sij‘kyéi,j - _ETZ T

[11 <t§kt§k — 2t g cos Bij + 1
(th, — D(t5, — 1)

where f3;; is the angle between the i-k and j-k planes and the finite function F is given in Eq. (4.191)
and is O(1/t?).
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6.2.3 Soft gluon inside measured jet k: S{?eas(Tf)

The contribution of a gluon emitted into jet 1 (the measured jet) from lines i and j is
given by the integral

TLZ'-'I”L]'

ni - k)(n; - )

The singularity structure of this integral depends on whether or not k = i or j. Thus, we evaluate
the case k = ¢ or j and the case k # 1, j separately below.

216(k*)O(k°) O%.6% . (4.82)

SmeaS(Tk)__ 2 QETT/ ddk

6.2.3.1 Case 1: k=i or j We consider first Sj7°*(7,;). Using the results of Sec. 4.B.2 of the
Appendix, we obtain the result in terms of ¢;;,

S (1) = SBeS(71)

 a 1 1 1 1+2¢ 1 471_’“2 € tzzj ) R e(1—a)
= —fTZ‘ . Tj — e 2 tan® —
27 el—a\7l I'l—e) \ w? ty—1 2

1+a
_|_

() i <_1>] . (4.83)

2
ti;—1

6.2.3.2 Case 2: k#1i,j The remaining contributions to the observed jet angularity are Sil}?eas
for k # i, 7. Using the results from Sec. 4.B.3.3 in the Appendix, this contribution is

L a _— 1 1+261 tzzlct?k — 2tiktjk cos ﬁij +1
itk — 9o i i\ & n 2 1) (2 —
o : @) 1)

+6(3) G(tikatjka,@ij)] ; (4.84)

S (1)

where G is O(1/t?) and is given in Eq. (4.194) and, again, Bi; is the angle between the i-k and j-k
planes.

6.3 Total N-Jet Soft Function in the large-¢ Limit

In this section, we add together the necessary ingredients calculated above to obtain the
N-jet soft function from Eq. (4.73). The results for the divergent pieces are summarized in Table 4.2
. In Sec. 7 we use Table 4.2 to show that the consistency of factorization is explicitly violated by
terms of order 1/¢2, and so in this section we give the full soft function (including the finite terms)
to O(1/t2).

Using color-conservation (), T; = 0), we find that the observable-independent part,
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contribution divergent terms
Sinel ~losp, ., (g S P Y 4A2)
e (1 )
gk —%Z—T T, 2, J,Zt 2tlf;g%c<islﬁ)”+1
S 5 [sz\il T;In tan®(R/2) + 37, ,; Ty-Tjln (n; - ”j/2)] +0(1/#)
sy | T D[ ( ) s S e - 2 (%) ]
S;;»‘eas(rf) %%;Ti Tl T —2tint sk COSﬂi]"i—lé(Tak)

(2, —1)(t3,—1)

s | 22| (Ee (4 ) + i tan(R/2))o(rd) - 25 (%) | + 001/#2)

Table 4.2: Summary of the divergent parts of the soft function at NLO. The first block contains
the the observable-independent contributions: soft gluons emitted by jets ¢ and j in any direction
with energy F, < A in row 1; soft gluons entering jet k with E; > A (with & = ¢ or j in the second
row and k # ¢, j in the third). In the last row of the first block, we summed over i and j and took
the large-t limit to get the total Sﬁmeas Similarly, in the second block we give the contributions

to the angularities 7¥ (with k = i or j in the first row and k # 4, j in the second) and summed over
1 and j and took the large-t limit to get Sl(“ll?as in the third row.

Sunmeas

m defined in Eq. (4.74), is given for large ¢ by
R u? R w2
_ Z 2 2 2 _
= T <tan 2) + lrl <4A2tan}2€> ln (tan 2> 6 ]
2
Qg 1% ng - n;
AN H) ( )
T on 2 J <4A2> "\

1#j
2
T Liy <1 - )
n; - nj

In addition to tan(R/2) which, according the the discussion in Sec. 4.4, we take to be O(1), the
finite parts from this contribution are sensitive to the scale ,ug, where

Sunmeas

+O(1/t%). (4.85)

(% = 2A tan'/? % ~2A. (4.86)

The remaining part of the soft function that is dependent on angularities as our choice of

jet observable is the sum over Sznf‘%( 71) (defined in Eq. (4.75)) for each jet i, where Sﬁ‘?as(ﬂ) is
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given by

2 R
L. o B 2(1—a) i
+ —In <w2 tan 3 >} d(7y) (4.87)

2..2(1—a) R i
-9 1 + In K tan i 2 @(Ta>
€ (wri)? T

The finite part of this contribution is sensitive to the scale Mfga where

Qe

WiTy
l-a R’
2

e (4.88)
tan

which, in principle, differs for each jet ¢ and from the scale pa in the unmeasured part of the soft

function Eq. (4.85). After discussing resummation of large logarithms through RG evolution, we

will describe in Sec. 7.4 a framework to “refactorize” the soft function into pieces depending on

multiple separated soft scales. This framework will enable us to resum logarithms of all of these

potentially disparate scales.

7 Resummation and Consistency Relations at NLL

The factorized cross section Eq. (4.39) is written in terms of hard, jet, and soft functions
evaluated at a factorization scale p. Since the physical cross section is independent of u, the
anomalous dimensions of these functions are closely related. We derive and verify this relation in
Sec. 7.3. In Sec. 7.1 and Sec. 7.2, we work out the form of the renormalization-group equations
(RGEs) satisfied by the hard, jet, and soft functions, and obtain their solutions so that we can
express each function at the scale p in terms of its value at a scale pg where logarithms in it are
minimized. In Sec. 7.4, we present a framework to refactorize the soft function and give the total
resummed distribution in Sec. 7.5.

7.1 General Form of Renormalization Group Equations and Solutions

We will build solutions for the hard, jet, and soft functions from two forms of RGEs.
The first form is for a function which does not depend on the observable 7, and is multiplicatively
renormalized,

FP = Zp(u)F (), (4.89)
and satisfies the RGE,
) = () F), (190)
where the anomalous dimension v is found from the Z-factor by the relation

VF () = _ZFl(u)MdCLZF<M) : (4.91)
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and takes the general form,
2

77(1) = Trlalin 55 + (o], (4.92)

We call I'p[a] the “cusp part” of the anomalous dimension and yr[a] the “non-cusp part”. They
have the perturbative expansions

2
Tr[as] = (%) 9+ (%) Il (4.93)
4 47
and
_ (s o(%fl .

The RGE Eq. (4.90) has the solution

F(p) = Up(p, po)F(ro) , (4.95)

where the evolution kernel Ur is given by

Ur(p, o) = I r (1:h0) (%)‘”F(Mauo)

: (4.96)

where K and wp will be defined below in Eq. (4.103).
The second form of RGE is for a function dependent on the jet shape 7, is renormalized
through a convolution,

Fhare(r,) / dr! Zpp(r — 73 W) F (7! 1) (4.97)

and satisfying the RGE
ud(iF(Ta;u) = /dn’z VF(Ta = Toi W) F (145 1) 5 (4.98)
with an anomalous dimension calculated from
verain) = = [dr' 25 = misn) ng Zi (i), (199)

and taking the general form

e(rin) = ~Trla) (2 |

JF

O(r)

Ta

2
]-mﬁﬂm0+wmwm. (4.100)
+
The solution of an RGE of the form Eq. (4.98) has the solution [147, 39, 10, 166, 125]

F(Ta;p) = /dT’ Up(Ta — 7o 1ty 0) F (705 10) (4.101)

where the evolution kernel U is given to all orders in ag by the expression

eKr+vEWwr Lo JFwE @(Ta)
Ur(Tas s o) = T(—wr) (U) {(%)pr]+ , (4.102)
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where vg is the Euler constant.
In Egs. (4.96) and (4.102), the exponents wp and K are given in terms of the cusp and
non-cusp parts of the anomalous dimensions by the expressions

2 [ gq
Qs o
as(t) oy () do o do!
Kp(u, E/ — a+2/ —T a/ . 4.103b
F( 0) as (ko) ﬁ[a] F[ ] as(po) ﬂ[a] F[ ] as (o) ﬁ[a’] ( )

In the case of Eq. (4.96) or if I'r[a] happens to be zero, we define jr to be 1. To achieve NLL
accuracy in the evolution kernels U, we need the cusp part of the anomalous dimension to two
loops and the non-cusp part to one loop, in which case the parameters wg, Kr in Eq. (4.103) are
given explicitly by

FFO' I\clusp ﬁl (0% (,UO)
w , = —— Inr + - — r—11, 4.104a
0 0
T 2nTp |:T‘ —1—rlnr
K =———Inr —
Pk = 5 G | )
r! Bi\1l—r+Inr 51
+ | == - = + 1n27} : 4.104b
(Fcousp ﬁo ) 47 871'50 ( )
Here r = 5:(7%0)), and gy, 81 are the one-loop and two-loop coefficients of the beta function,
o=~ (32 1 (3" i
s| = [ d,u - s 0 A 1 An ) .
where (with Tp = 1/2)
11 2N 34C%  10CaN
gy = 1104 2Ny g g = 3Ca 10CANy 2Cp Ny . (4.106)
3 3 3 3
The two-loop running coupling a,(u) at any scale is given by
1 1 Bo 1z S Bo iz
= —In | — In [1+ —as(Mz)ln [ — || . 4.107
as(p)  as(My) + o <MZ> + 4By o o (Mz)In My ( )

In Eq. (4.104), we have used the fact that, for the hard, jet, and soft functions for which we will
solve, the cusp part of the anomalous dimension I'p[a;] is proportional to the cusp anomalous
dimension I'cysp o], where

o s\ 2
Fcusp[as] = <ﬁ) F(?usp + (ﬁ) Fclusp + - (4108)
The ratio of the one-loop and two-loop coefficients of T'cysp is [148]
1—‘clusp 67 7T2 IONf
=——-——=)Cqg — —. 4.109
F(g)usp ( 9 3 ) 4 9 ( )

Fclusp and 3 are needed in the expressions of wr and Kr for complete NLL resummation since we

formally take a2ln7, ~ O(as).
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7.2 RG Evolution of Hard, Jet, and Soft Functions
7.2.1 Hard Function

The hard function is related to the matching coefficient Cn of the N-jet operator in
Eq. (4.38). If there are multiple operators with different color structures, Cy is a vector of coeffi-
cients. The hard function is then a matrix Hy, = C’gC’a. The hard function is contracted in the
cross section Eq. (4.39) with a matrix of soft functions.

The anomalous dimensions of the matching coefficients C, have been calculated in the
literature (for example, Table III of Ref. [87]). For an operator with N legs with color charges T?,
the anomalous dimension is

N .
1 1 —n;-n; —i0"

Yo (as) = — Z [T?F(as)ln wﬁ + 2%(%)] — 5T(as) ZTi-len (;) . (4.110)

=1 i#£j

where T; is a matrix of color charges in the space of operators, and ~; is given for quarks and gluons

by

3a,Cp as 11C4 — 2Np
= - 4.111
T4 2 s m 6 ( )
The coefficient T'(a) is the cusp anomalous dimension and is given to one-loop order by I'(a) =

as/m. The anomalous dimension of the hard function itself is given by vy = 'ygN + Yoy, and

takes the form of Eq. (4.92), with cusp and non-cusp parts I'gr[cs] and yg[as] given to one loop in
Table 4.3, with the result

2 N
vir(as) = —T(ag) T2 Lo — 37 yi(ay) = Tlay) 3 Ti-Tyln 224 (4.112)
“YB o = i#j 2

where T? = Z,fil T? is the sum of all the Casimirs, and the effective hard scale Wy appearing as
the scale w in the logarithm in Eq. (4.92) is given by the color-weighted average of the jet energies,

N
2 2
o = [Jor'" (4.113)
i=1

7.2.2 Jet Functions

There are two forms of jet functions, those for measured and those for unmeasured jets.
Unmeasured jet functions J&?(u) satisfy multiplicative RGEs, with anomalous dimensions given
by the infinite parts of Eqs. (4.56) and (4.65),

12

_ 2 ‘
v, = I'(as)TiIn 7 tan? B + % s

(4.114)

which falls into the general form Eq. (4.92), with cusp and non-cusp parts of the anomalous di-
mension given in Table 4.3, and the scale w in Eq. (4.92) being w; tan %. The part ~; is given by
Eq. (4.111).



| | Trla] Vr o] | Jr | w
YH T, T? =2 =T Zi;ﬁj T; - T;ln niénj 1 WH
v, (i) || TT?3=2 ¥i 2—a w;
’ygleas(Té) —I‘T%fla 0 1 w; tan~ 1t g
YJ; I’TZ2 Yi 1 wj tan %
ygnmeas 0 [y, T tan? £+ T3 T Tjln 252 | 1 —
O(1/42) 0 Iy, Ti-T; [@meas 21nt£i11 1 -
g n (S

Table 4.3: Anomalous dimensions for the jet and soft functions. We give the cusp and non-cusp
parts of the anomalous dimensions, I'p[as] and yp[ag]. T is the cusp anomalous dimension itself,
equal to a,/m at one loop. +; is given for quark and gluon jets in Eq. (4.111). The third column
gives the value of jp appearing in Eq. (4.100) or Eq. (4.103). The last column gives the values of
w appearing in the logarithm In p?/w? multiplying the cusp part of the anomalous dimension in
Eqgs. (4.92) and (4.100). The scale wpy is the color-weighted averages of all jet energies defined in
Eq. (4.113). All rows except for the last are given in the large-¢ limit and in the last row we give
the remaining terms that are present for arbitrary ¢. This last row explictly violates consistency at
O(1/t%). The first group of rows are needed for measured jets and the second group for unmeasured
jets. In the large-t limit, for any number of measured and unmeasured jets, the consistency relation
Eq. (4.121) is satisfied.

Measured jet functions satisfy RGEs of the form Eq. (4.98), with anomalous dimensions
given by the infinite parts of Eqgs. (4.50) and (4.64),
. 9 _
v (71) = T? r(as)lJln (4.115)
a

2 )
B ] 6y — 2 1 [9(m)
by ] o) — i 1 |22

which takes the form Eq. (4.100) with cusp and non-cusp parts of the anomalous dimension split
up as in Table 4.3, and the scale w in Eq. (4.100) being w;.

7.2.3 Soft Function

The total N-jet soft function is given by Eq. (4.85) for unmeasured jets added to the sum

over measured jets of Eq. (4.87). This soft function depends on the M jet shapes 7}, ..., 77, and
satisfies the RGE
d
ud—S(Tl, e TMG M) = /dT{ codtyy s (T = Ty T = Tags )S(TL - T ) - (4.116)
i
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From the infinite parts of the soft function given in Table 4.2, we find the anomalous dimension

vs(T1, ..., Tar; ) decomposed into a sum of terms,
M
s (Tt Tar 1) = YR (71) - 6(mag) + 3042 (s 1) T o) (4.117)
k=1 Ak
where the pieces v§"™*** (1) and vg'**(7y; 1) are given in terms of their cusp and non-cusp parts in

Table 4.3, with the result

ng - Ny

,ygnmeas<u) — F(OJS)T?IH tan2 g 4 F(as) Z Tz . len 5 , (4118)
i#]
which takes the form of Eq. (4.92) with no cusp part, and
1 2 {an2(1-a) B o
7§ (s 1) = ~T(0) T? i (2 iy 2 | 2T L (4.119)

which takes the form of Eq. (4.100) with no non-cusp part, and the scale w in Eq. (4.100) being
wy/ tan =@ g.
The solution of the RGE Eq. (4.116) is given by

M
S(T1y. . Ty ) = /dT{ condrhy S(Ty e T o) U™ (1, 1o H — T o), (4.120)

where UgM™meas is given by the form of Eq. (4.96) and U%(7¥) by the form of Eq. (4.102).

The solution Eq. (4.120) is appropriate if all the scales appearing in the soft function
are similar, and thus all large logarithms in the finite part can be minimized at a single scale pyg.
As we noted in Sec. 6.3, however, the potentially disparate scales w;7’, set by the jet shapes of
the measured jets, and A, set by the cutoff on particles outside jets, appear together in the soft
function, and logarithms of ratios of these scales may be large. In this case, the soft function
should be “refactorized” into pieces depending only on one of these scales at a time. We describe
a framework for doing so below in Sec. 7.4.

But first, we verify the consistency of the anomalous dimensions for the hard, jet, and soft
functions to the order we have calculated them.

7.3 Consistency Relation among Anomalous Dimensions

We summarize the anomalous dimensions of the hard, jet, and soft functions in Table 4.3.
We separate contributions to the jet and soft anomalous dimensions that arise from measured jets,
from unmeasured jets, and those that are universally present. In all rows except the last row, we
take the large-t limit and give the additional terms that arise (from the soft function) for arbitrary
t.

Consistency of the effective theory requires that the anomalous dimensions satisfy

0= (’7H(M)+’7§nmeas(ﬂ)+ > m-(u))cS(TZ)Jr > (w( Ths 1))+ e ;;u)). (4.121)

i¢meas i€meas
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From the results tabulated in Table 4.3, up to corrections of O(1/t2), we see that, remarkably, this
relation is indeed satisfied! This is highly nontrivial, as jet and soft anomalous dimensions depend on
the jet radius R and the jet shape 7,, while the hard function does not; in addition, the hard and soft
functions know the directions n; of all N jets, while the jet functions do not. These dependencies
cancel precisely between the R-dependent pieces of unmeasured jet contributions to the jet and
soft functions, between 7,-dependent pieces of the measured jet contributions, and between n; - n;-
dependent pieces of the hard and soft functions. The sum of all jet and soft anomalous dimensions
then precisely matches the hard anomalous dimensions, satisfying Eq. (4.121).

Making the satisfaction of consistency even more nontrivial, individual contributions to
the infinite part of the soft function, and therefore its anomalous dimension, given by Table 4.2
depend on the energy cut parameter A as well. However, these terms cancel in the sum over the
contributions S%;-‘d and Sfj in the first two rows of Table 4.2. The double poles of the form %lnA
arise from regions of phase space where a soft gluon can become both collinear to a jet direction
(giving a 1/¢) and soft (giving a In A). These regions exist in the integral over all directions giving
S;;?d but are subtracted back out in the contributions Sl-ij. In the surviving “Swiss cheese” region
the regions giving these double poles are cut out.

The O(1/t%) terms that violate consistency arise whenever there are unmeasured jets.
While this limit is not required for the contribution of measured jets to the anomalous dimension
to satisfy the consistency condition Eq. (4.121), the finite parts of measured jet contributions to
the soft function contain large logarithms of w/A that can not be minimized with a scale choice
but are suppressed by O(1/t?) (cf. Eq. (4.195) of Appendix 4.B). This is the manifestation of the
fact that jets need to be well-separated, as explained in Sec. 4. For the remainder of the chapter,
we work strictly in the large-¢ limit.

7.4 Refactorization of the Soft Function

Our results for the soft function in Sec. 6.3 make clear that in general there are multiple
scales that appear in the soft function: the ,ug, el M% associated with the M measured jets and the
scale ,ug associated with the out-of-jet cutoff A. When these scales are all comparable, we can RG
evolve the soft function from the single scale ug. However, when any of them differ considerably
from the others, we need to “refactorize” the soft function into multiple contributions, each of
which is sensitive to a single energy scale. For illustration, take the scales qu to be such that
ug > M% > > ué” as in Fig. 4.6. We also take uls_l < ug < ,ulS for our discussion, but the
result is independent of whether ug lies in the range pu} < ug < ,ug/[ or not.

1§

1%

1S

M
Hs

Figure 4.6: Soft scales.
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We can express the soft function appearing in Eq. (4.39) as

M
S(ra, 72, i) = (0j0ke (A — A) T o(+i — #)0s]0) (4.122)
=1

where the operator 7/ returns the contribution to 7, of final-state soft particles entering jet i, and
A returns the energy of final-state soft particles outside of all N jets. We have kept the dependence
on the scales Mfg and on A implicit on the left-hand side.

There are N Wilson lines appearing in the operator Og,

OS =Y ... YMYM—H YN s (4.123)

corresponding to the M measured jets and N — M unmeasured jets. The scales associated with soft
gluons entering the M measured jets whose shapes are measured to be 7q,..., 7y are ,ué, e ,,ug/[ ,
given by Eq. (4.88). The scale associated with soft gluons outside of measured jets is ,ug given
by Eq. (4.86). We have illustrated the ladder of these scales in Fig. 4.6. Each of these soft scales
can be associated with different soft fields A% whose momenta scale as /\?wi where )\; is associated
with the typical transverse momentum A;w; of the collinear modes for the ith jet. For measured
jets, \; is determined by 7!, while for unmeasured jets \; ~ tan(R/2). For soft gluons outside jets,
however, the soft momentum is set by the cutoff scale A, which is why ,ug appears in the ladder of
Fig. 4.6.

At a scale p larger than all Hfg and ,ug, the soft function is calculated as we presented
in Sec. 6. In particular, we take the quantities 72 and A to be nonzero and finite. At a scale p
below ,ué, we integrate out soft gluons of virtuality u}g and match onto a theory with soft gluons of
virtuality ,u%. The scale ,u}.; associated with 7. is taken to infinity, and phase space integrals for soft
gluons entering the measured jet 1 become zero (see, e.g., Eq. (4.175)). Therefore, the matching
coefficient from the theory above M}g to the theory below is just the measured jet 1 contribution
Smeas (1) t6 the soft function given by Eq. (4.87). The same occurs when matching from the theory
above each scale /‘is for soft gluons entering measured jet ¢ to the scale below ,ufg, giving a matching
coefficient Smeas(7¢).

When going through the scale ug, in the theory above this scale, the calculation of unmea-
sured contributions to the soft function gives the result Eq. (4.85), by treating A as a nonzero, finite
cutoff. In the theory below ug, we take A to infinity, making all phase space integrals originally
cutoff by A to be scaleless and thus zero. So the matching coefficient between the theory above
and below ug is just Sunmeas,

After performing the above matchings all the way down to the lowest soft scale Fig. 4.6,

we find that the original soft function S(7},...,7M; 1) can be expressed to all orders as
M .
S(rk,..., 7M. ) = gunmeas ) H SRS (s ) (0] Og(’)s |0) , (4.124)
i=1

where to next-to-leading order S™¢* and SY""™ are given by

Sunmeas(/o =14+ SEllrSmeaS(:u’) (4125)
SmeaS(Té;M) — 5(7_;) 4 S(Hll?as(Té;/L), (4126)
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where ST is given by Eq. (4.85) and 5@y is given by Eq. (4.87). Note that no operators
restricting the jet shape or the phase space appear in the final matrix element of soft fields living at
the lowest scale on the ladder in Fig. 4.6. If all the scales on the ladder are at a perturbative scale, we
can now just use <(’)LOS> = 1 to eliminate the final matrix element. If any scale is nonperturbative,
we should have stopped the matching procedure before that scale, and defined the surviving soft
matrix element still containing additional delta function operators as a nonperturbative shape
function.

Since the factors S"™™€as(;;) and S™e3(7¢ 1) are now matching coefficients between two
theories above and below the respective scales ,ug and ,ug, we can run each of the individual factors
separately from their natural scale, instead of from a single soft scale po as in Eq. (4.120). The
result for the RG-evolved soft function is then Eq. (4.124) where each factor at NLO is given by
the solution of its RGE,

Sunmeas(u) — Ugnmeas (Iu’ /,LA)Sunmeas (MA) (4 127&)

Smeas(ri ) = / dr'Ug(1q — 75 p1, 1's) S™5(7', i) - (4.127b)

These solutions allow us now to resum logarithms of all of the scales appearing in the ladder in
Fig. 4.6 when these scales are widely disparate. However, the result we obtained in Eq. (4.116)
when we took all scales to be of the same order and had a single soft scale has the form Eq. (4.127)
at NLL accuracy. We will use equation Eq. (4.127) in all cases to interpolate between these two
extremes.

7.5 Total Resummed Distribution

Collecting together the above results for the running of hard, jet, and soft functions in
the factorized cross section Eq. (4.39), we obtain the RG-improved N-jet cross section differential
in M jet shapes,

k k
w N W (1,1%)
1 don e > H(11E ) - Iu§

— H J Sunmeas
o drl ---drM () <wH klj\:[IH e 117) wy tan & (ha)

M S S qutanl_aﬂ w5 )
x [I§ [+ S5 i) + f5(ma, )] | =2
=1 v

u (2—a)w (u,u) 1 1
( wi ) D= (s py) =wi (s )] (i) s G+ ) |

1,.,N  1,.,M oM 1,..,M
X exp [/C(u; s gy g )+ Qs N g )} ,
(4.128)
where wg is the color-weighted average of jet energies,
il T?/T?
op =[Jw (4.129)

i=1
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the evolution parameters wp(u, pr) and Kp(u, ur) are defined in Eq. (4.103), and we have defined
the collective parameters,

N M
K g,y N g™ u8) = K (p, o) Z ) + > K, i)
= j=1 (4130&)
+ KunmeaS( )
. . M . . . .
Qs py M g = Z Qi iy, ps) = > [wh (s i) + ws(p, )] (4.130b)
=1 =1

The functions ff] g are generated by the finite pieces of the measured jet and soft functions,

VT2 (9 — i
as(iy) z{ LANCI +[Ci+

Fi(ris ) = H(-1- Qz.)} M

I=a wim)= 1 —a wi(7g)
R R : ;
+ (2 —a)ln?tan 3~ ¢iln tan 2} + OZSQ(i:J)dJ(T;) (4.131a)
i a R ) l1-a R
Qi as(pg)T; 1 2 Mg tan'~? 5 pg tan” " 5 i
; =— In 2H(—1—-Q;)ln—=——= +d
Piriany) = =T e S o - 2 g |

(4.131D)

where ¢; = 3/2 for quark jets and (p/2C4 for gluon jets. H(—1 — ;) is the harmonic number
function, with €; given by Eq. (4.130b). The functions d;g are additional contributions from
the finite parts of jet and soft functions that do not contain any logarithms. They are given in
Eq. (4.199) in the Appendix. Since we will use these finite parts only to tell us what scales to
choose in order to minimize the large logarithms, and not actually include them in the final result
at NLL accuracy, we do not need the exact form of the distributions d;g(7,). Similarly, the terms
containing large logarithms in the unmeasured jet functions and unmeasured contribution to the
soft function are

T87) = 1+ [ Plan o) 2?20 oyl ulin 2 ) (4.132)
wtan 5 wtan £ 5 1
unmeas _ 2 HA 2 R 7T2-
S (/J'A) =1+ F(as(MA)) ;Tz |:1n <W>ln tan 5 — g-
T N1 i _
+ T(as(pa)) > T3 T [m oA +L12<1 nnj)] (4.132D)

i)

where df] is the part of the unmeasured jet function containing no large logarithms (given in
Egs. (4.151) and (4.158) in the Appendix).
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The finite parts of the measured and unmeasured jet and soft functions given in Eqs. (4.131)
and (4.132) show that to minimize large logarithms in the NLO finite parts in the resummed dis-
tribution Eq. (4.128), we should choose initial scales for the running to be

Uy = Wy (4.1333)

R N e R 4.133b

= () = wtan (4.133b)
tanl a 5 2

These choices eliminate all large logarithms in the NLO hard, jet, and soft functions. They still
leave logs of tan % and n; - n; in the unmeasured part of the soft function, and logs of tan % in the
measured jet function, but we already take R numerically of O(1) '° to minimize power corrections
from our implementation of the jet algorithm, and n; - n; ~ 1 since the jet separation parameter
t;; is large compared to 1. All logs of R, A, and 7! are eliminated in the unmeasured jet function
and measured part of the soft function.

8 Plots of Distributions and Comparisons to Monte Carlo

Having resummed the jet shape distributions in 7, to NLL accuracy, in this section we
plot the distributions for various values of ¢ and R, compare to Monte Carlo simulated events,
and perform scale variation on the resummed distribution. We use the process eTe™ — 3 jets
to study our predictions of jet shapes, where the jets arise from partons in the “Mercedes-Benz”
configuration, with each parton having equal energy. In these configurations, the partons lie in a
plane and are equally separated with a pairwise angle of 27r/3. This allows us to study event shape
distributions of well-separated jets where t is reasonably large. We choose three values of R to
study, R = 1.0, 0.7, and 0.4. With these values of R, the 1/t? suppression factor for corrections to
the large-t limit are 0.10, 0.044, and 0.014 respectively. We will measure the angularity of only one
of the three jets; the other two jets will be unmeasured.

In general, the T; - T; color correlations in the soft and hard functions lead to operator
mixing in color space under RG evolution. This implies that the RG kernels Ug and Uy are matrices
in color space and must be studied on a process-by-process basis (see, e.g., [87, 144, 142, 105, 174,
175]). For the case of N = 2,3 jets there is only one color-singlet operator and hence no mixing.
This can be seen, for example, by noting that all color correlations reduce to the Casimir invariants
(Cp and C}y) in this case (cf. Appendix 4.D). We have restricted the example process we use in
this work to N = 3 jets, avoiding the additional complication of color-correlations that comes with
a larger number of jets.

The NLL resummed distribution for one quark or gluon jet shape in a three-jet final state,

15We still consider tan(R/2) to be of order Ax in the collinear sectors describing unmeasured jets, as implied by
Eq. (4.133). This means )y is effectively much larger than the parameter \; in a measured jet sector.
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choosing jet 1 to be the measured jet, is

2 2 2 2
1 dos - <W>WH(M’MH) (l@) (2=a)w (uopy) Mig S C)) Miyj w3 (p,p3)
o) dTC} WH w1 wo tan g w3 tan %

“ (W (4.134)

1 1
ws(lhﬂs)
A
o ) exp [KC(u; o i1y, 15, 15 b, 11§) + vEQps i, 1))
1 1

X )
D[=Q (s ply, pug)] (72) 1+ gois)

where the various evolution parameters w’ 5, 2, K are all defined in Egs. (4.103) and (4.130). The
best scale choices Eq. (4.133) for this case are

1
2 2 2\ 5010~

e CADEE ) (4.135a)

R
ph = wi(t) e , /13’3 = wg 3 tan 3 (4.135b)

1

1 Wi, — 1/2 E

pg = tani < E pupa = 2A tan 5 - (4.135¢)

In Eq. (4.134) we have used tree-level initial conditions for the hard, jet, and soft functions at these
scales. Eq. (4.134) evolves these functions to the arbitrary scale p at NLL accuracy.

With these choices, we plot Eq. (4.134) in Fig. 4.7 for several values of a and R for a
quark or gluon jet shape in a three-jet final state in eTe™ annihilation at center-of-mass energy
@ = 500 GeV. The jets are chosen to be in a Mercedes-Benz configuration, where all jets have equal
energies of 150 GeV. We choose the jet energy cutoff A to be 15 GeV. We choose the factorization
scale to be u = ug.

We compare the results of a jet algorithm implemented on Monte Carlo simulated events
with our NLL resummed predictions for a variety of ¢ and R values in Fig. 4.8. Because the
resummed NLL distribution we choose to study applies to an exclusive process, three-jet events in
the Mercedes-Benz configuration, we implement cuts on the simulated events to obtain a sample
that matches onto this configuration. We use MadGraph/MadEvent v.4.4.21 [6] to generate parton-
level eTe™ — qgg events at a center-of-mass energy Q = 500 GeV, with cuts imposed to obtain
partons in the Mercedes-Benz configuration. We shower and hadronize the events with Pythia
v.6.414 [177] using pr-ordered parton showers. The process of hadronization will induce a shift in
the angularity distribution, which we do not model in our resummed distribution. Therefore, we
produce two samples: one sample with only QCD final-state showering, no initial-state radiation,
and no hadronization, and another sample with complete showering, initial-state radiation, and
hadronization. The anti-kt jet algorithm is run on the final state particles from Pythia, and we
use FastJet [64] to implement the jet algorithm. The anti-kp algorithm is particularly well suited
for this comparison, as very few particles at an angle § > R to the jet axis are included in the jet.
With anti-kr, the phase space cut on an individual particle matches well with the phase space cuts
in the next-to-leading order calculation.

To select a sample of events to compare to our NLL resummed distributions, we make cuts
on the final state jets, requiring each of the three hard, well-separated partons from MadGraph to
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Figure 4.7: Quark and gluon jet shapes for several values of ¢ and R. The NLL resummed distri-

bution in Eq. (4.134) is plotted for a = —1
The plots are for jets produced in eTe™

-3,

1
-4,0
4
annihilation at center-of-mass energy Q =
three jets produced in a Mercedes-Benz configuration with equal energies E; =

minimum threshold A = 15 GeV to produce a jet.

1402

L for quark and gluon jets with R = 1,0.7,0.4.
500 GeV, with
150 GeV, and
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Figure 4.8: Quark vs. gluon jet shapes with comparison to Monte Carlo. Solid, straight curves
represent the NLL resummed jet shape distribution in Eq. (4.134), and jagged curves are his-
tograms from the Monte Carlo, normalized as described in the text. The solid histogram has no
hadronization, while the dashed histogram includes the effects of hadronization. The distributions
are plotted for a = —%, 0, % with quark (blue) and gluon (red) jets compared on the same plot, for
jets of size R = 1.0,0.7,0.4. Gluon jet shape distributions peak at larger values of 7, than quark
jets, indicative of their broader shape. The plots are for jets produced in eTe™ annihilation at
center-of-mass energy () = 500 GeV, with three jets produced in a Mercedes-Benz configuration
with equal energies F; = 150 GeV, angular separation ¢ = 27/3 between all pairs of jets, and
minimum threshold A = 15 GeV to produce a jet.

be associated with a jet. This involves a cut on the jet direction and momentum:

Pparton * Pjet

509 and IPparton| =[Pl 45 (4.136)
|pparton’ |pjet| |pparton|

We analyze events passing these cuts, and tag each associated jet as coming from a quark or a
gluon based on which parton it matches onto. The angularity value for each jet is computed from
the constituent particles of the jet, using the matching parton direction as the jet axis. The jet
direction only differs from the parton direction by a power correction (see Sec. 4.2). In Fig. 4.8, we
isolate some of the quark and gluon jet shapes in Fig. 4.7 and compare to Monte Carlo events.
The relative normalization between Monte Carlo events and the NLL resummed angularity
distribution is important. Both our calculation and the Monte Carlo simulation are most accurate
in the region that includes the peak of the distribution and the larger-7 side of the peak, but
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Figure 4.9: Location of peak of jet shape distribution as a function of a for quark and gluon jets.
We plot the value of 7, at the peak of the jet shape distribution for a between -1.0 and 0.8 for
quark vs. gluon jets, using R =1,0.7,0.4.

both are inaccurate as 7 — 0 and in the tail region. Therefore, each will differ in the relative
normalization between the peak region and the tail region. An accurate prediction of the tail
region requires matching onto a calculation at fixed-order in «; in full QCD as in [73, 41, 134]. In
Fig. 4.8, we choose to normalize the area of the Monte Carlo distribution to the total area of the
NLL resummed theory distribution. We find the area under the theory curves for gluon jets to be
1 within small numerical errors, and for quark jets, 0.5 for R = 0.4, 0.65 for R = 0.7, and 0.8 for
R = 1. This suppression in the normalization is due to the fact that quark jet shape distributions
are peaked closer to 7, = 0, where oy evaluated at the measured jet and soft scales “<1L 5(7a) grows
large, causing the evolution kernels to suppress the distribution. Gluon jet shapes, being peaked at
larger 7,, are not as prone to this suppression. This should be cured by convolving the perturbative
distribution with a nonperturbative shape function that moves the peak of the distribution to larger
Ta, as also suggested by the Monte Carlo predictions with hadronization turned on.

Nevertheless, the shapes of the theory and Monte Carlo distributions are very similar in
the peak region. Across the values of a and R that we sample, the dependence of the shape and the
location of the peak value agrees very well between the theory distributions and the Monte Carlo
distributions without hadronization for both quark and gluon jets.

In Fig. 4.9 we plot the location of the peak of the jet shape distributions as a function of
a for three values of R, displaying the different variation of the peak of quark and gluon jet shape
distributions. The peak value increases with increasing R and a, as wide angle radiation is included
(increasing R) and less suppressed (increasing a). Although the difference in the peak value between
the quark and gluon jet angularity distributions is large, the width of each distribution creates
substantial overlap in angularity values between quark and gluon jets. Distinguishing between
quark and gluon jets using jet angularities is a complex task which we will explore in [115]; for now,
we note only that the NLL resummed distributions indicate that discrimination between quark and
gluon jets using jet angularities is possible.

As a rough estimate of the theoretical uncertainty in our NLL resummed predictions for
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Figure 4.10: Scale variation of quark and gluon jet shapes. For’a = 0 and R = 0.7, we display
the variation of the NLL resummed jet shape distributions with the hard scale ug, the jet cutoff
scale pp, the unmeasured jet scales u?]’?’, the measured jet scale ,U,lJ(Ta), and the measured soft scale
1s(7q). In each case we vary the scale between 1/2 and 2 times the natural choices in Eq. (4.133),
except for the measured soft scale, which we varied between 1 and 2 times the choice in Eq. (4.133).
We keep the factorization scale fixed at the default hard scale given by Eq. (4.135), p = w;.
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these jet shape distributions, we show in Fig. 4.10 the variation of the a = 0 quark and gluon 7,
jet shape distributions for jets of radius R = 0.7 with changes in the various scales that appear in
the resummed cross section Eq. (4.134). These are the initial scales at which the hard, jet, and
soft functions are evaluated to minimize logarithms in the NLO fixed-order part, from which the
evolution kernels run them to the common factorization scale p. In the top row of Fig. 4.10, we
vary the factorization scale u between wy /2 and 2wp. In the next four rows, we vary the hard scale
i, the soft jet energy cutoff scale pup, the unmeasured jet scales ,u3’3, and the measured jet scale
1} (7)) between half and twice the natural values given in Eq. (4.135). In the last row, we vary the
measured soft scale p5(7)) between one and two times the value in Eq. (4.135). This is because
too low a value of p(7)) as 7, — 0 brings it into the nonperturbative region where as(uy) blows
up, so that the perturbative estimate of uncertainty is not very meaningful. We note that, while
the uncertainty in the vertical scale of the distributions is considerable in some cases, the location
of the peak and the shape as a function of 7, along the horizontal axis is remarkably stable.

9 Conclusions

In this work, we have factorized an N-jet exclusive cross section differential in M < N jet
observables and resummed logarithms of the jet observable 7, to NLL accuracy. We demonstrated
that the anomalous dimensions of the hard, jet, and soft functions in the factorization theorem
satisfy the nontrivial consistency condition Eq. (4.121) to NLO in a4, for any number of quark and
gluon jets, any number of jets whose shapes are measured, and any size R of the jets, as long as the
jets are well-separated, meaning ¢ > 1. This condition ensures the validity of an effective theory
with IV collinear directions that are assumed to be distinct. We identified and estimated important
power corrections to the factorized form of the cross section. We also illustrated that zero-bin
subtractions give nonzero contributions to the anomalous dimensions crucial for consistency.

Armed with consistent factorization and the fixed-order jet and soft functions, we re-
summed large logarithms in the jet shape distribution by running each individual function from
the scale where logs in it are minimized to the common factorization scale u. We thereby resummed
logs of the jet shape 7, to NLL accuracy, and logs of the scale A/E; of soft radiation outside of jets
(up to possible missing non-global logs), but not all logs of the angular cut R, which we took to
be order 1. This is the first such calculation of a resummed jet shape distribution in an exclusive
multijet cross section.

We constructed a framework to deal with all the scales that appear in the multijet soft
function which depends on the values 7/ of all M jet shapes and the phase space cuts A, R. By
refactorizing the full soft function into individual pieces depending on one of these scales at a time,
we were able to sum logs of ratios of these scales.

We demonstrated the utility and accuracy of our results by comparing our NLL resummed
prediction for quark and gluon jet shapes in ete™ — 3 jets to the output of Monte Carlo event
generators, MadGraph/MadEvent and Pythia. Our predictions agreed with the Monte Carlo output
without hadronization very well. The change in shape and location of the peak value of 7, as
functions of ¢ and R match particularly well between the theory and Monte Carlo.

Our results provide a basis for future studies of other jet observables at both ete™ and
hadron colliders, requiring recalculation of those parts of our jet and soft functions actually de-
pending on the choice of observable. Studying jets at hadron colliders requires the construction
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of observables appropriate for that environment and the switching of two of our outgoing jets to
incoming beams, which can be described by beam functions in SCET [183].

Precision calculations of jet shapes will allow improved discrimination of jets of different
origins. We are applying the results of our predictions of light quark and gluon jet shapes to
distinguish quark and gluon jets with greater efficiency than achieved before, and will present the
results in [115]. Extensions to the shapes of heavy jets and calculations of other types of jet shapes
such as the U(r/R) shape introduced in [117, 118, 1] can also be performed.

4.A Jet Function Calculations

4.A.1 Finite Pieces of the Quark Jet Function

4.A.1.0.1 Measured Quark Jet Function The finite pieces the jet functions, which depend
on the jet algorithm, share common features. For cone-type algorithms, the finite piece of the naive
part of the quark jet function, ngg(ra), is given by

- 2 max
Jo ) = Cr (T4 3m2— ™ Vo(r) + -7 |70, QO™ = 7a) (4.137)
2 3 -2 . .
where in this Appendix, plus distributions are defined by [183]
O(z)g(z)]+ = hH[l) %[@(m —¢)G(2)], with G(z) = / d'g(2'), (4.138)
€— 1

defined so as to satisfy the boundary condition fol dz[©(x)g(x)]+ = 0. The quantity Zéone depends
implicitly on 7, and R and is given by

Iq

cone

1—x 2
cone (] — 1- 3
- / P k) P P < T P T (4.139)
Zcone

x Lcone 2

The parameter Zcone = Tcone(Ta) is the lower limit on the x = ¢~ /w scaled gluon momentum integral
imposed by the cone restriction. It is given by the solution of the equation
Ta

a R’
2

— (4.140)

fCone («Tcone) ==

where feone() is defined as
feone(x) = 2 a1 + (1 — )~ 1] (4.141)

in the range 0 < x < 1/2, which is plotted in Fig. 4.11A. The upper limit 7"** is given by the
maximum value over x of Eq. (4.140). Similarly, for kp-type algorithms, JffT (7o) is given by

~ 13 2 C O(74)O (T — 7y
JI((JT (Ta) = CF <2 — 23) 5(7’@) + 1_7Fg |:IgT ( ) (T )
2 a

(4.142)
1
i is given by

x

2(1 — 2
7! = / gy 2L D)+ (4.143)
TR
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Figure 4.11: Regions of integration for the (A) cone and kp-type algorithms for (B) a > —1 and
(C) a < —1. The allowed region of = is when the (blue) functions feone iy () lie above the (red)
lines of constant 7,/tan®>~® R/2. When a < —1 for the kr algorithm, there are two regions of
integration when 7, > 22 tan(>~% R/2.

where R is the region in x where the constraint

Ta

fip (@) = 2?71 = 2)* 27+ (1 - 2) 7] > 2 a &

\%

(4.144)

!

is satisfied. We plot this region in Fig. 4.11B and C for the cases a > —1 and a < —1, repsectively.
The upper limit 7.7** is given by the maximum value over x of the right-hand side of Eq. (4.144).
In general, the constraint Eq. (4.144) is symmetric about x = %, and so the region R is symmetric

2—a)

about the same point. In general, if a > —1 or 7, < 2%2 tan( %, then R is a single range in z.

Otherwise, R is two disjoint ranges in 2. Since 7, > 292 tan(2~®) g can only occur for a < —1, we

can write Ig as
T

1—z1 21 — 2 1—x2 2] — 2
0 = / gp 2d—2)+z (m S 902 o (2-a) R) / g 20D T )

L T 2 ) T

Note that Zd,,e and IIZT involve the same integrand, but for each algorithm the integral is
over different ranges. In addition, both z..ne and x1 approach the same limiting value for small 7,

Ta—0 Ta
x - (4.146)
tan(2 CL) b

Thus, we can extract the small 7, behavior of both distributions by writing

1 1—=2 1 Ta 1—2 1 Ta
—1 =|—1 —|—In|—F—= 4.14
[Ta B < x >L [m B (m@a) E g )] | [Ta ! (mwf;)] @4
+ -

where T = xcope or x1 for the cone and kp algorithms, respectively. Defining

1 —
rg(z) = 3z + 2In —— | (4.148)

x
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using Eq. (4.147), and including the zero-bin subtraction in Eq. (4.49), we find that the finite
distributions of the full measured quark jet functions are

2 1—4 2 R 7
§11[1 K + 228 4 (1 - E) In % tan? 5 + ) +3Iln2 (4.149a)

2 w2 tan2 % 1—a w2 2
O(7) }
Ta
+

Cr | O(7)0(7"™ — 74) Ta
*1—3{ s Faldene) +20 | e ) |

‘]gone(Ta) =CF

4 | I 3
n
1—a C()7.;/(2*11) 2—a

0(1q) — CF{

and

2 1-¢ 4 iz 3 |O(m)
-5 (4 ) |90 CF{L_GIHWT;/@—@ 2—a| T |,
CF @(Ta)@(TénaX _ a) Ta
+ 1-35 { Ta ro(@1) +2In tan(2-a) £

4.A.1.0.2 Unmeasured Quark Jet Function The finite pieces for the unmeasured quark jet
function are

2 2
The= "5 (wz fa? ) -’ (ﬁ) g, (1.150)
where the constant term d% a8 is given by
%o = Cp <7 +3ln2— E”TQ) (4.151a)
2 12
and
o oy (123 _ 35) 7 (4.151b)

for the cone and kt algorithms, respectively.
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4.A.2 Finite Pieces of the Gluon Jet Function

4.A.2.0.3 Measured Gluon Jet Function The finite distributions of the naive gluon jet
function are given by

- 137 11 w2 23 4
g w) = 0(7q — —1 2 - — Tr N +-In2
Tonelra) =) [ (o + 2= ) = Ty (224 2|

max __
- [Ié’one@(Ta)@(Ta Ta)] ) (4.152)
1-— 2 Ta I
and

. 67 2n? 23 1 O(7,)O(TInax — 7,)

9 (1,) = 6(7, — - ") —TgN 7} — e . 4.1
= [ (-5 sy ()] o 24 [1 2995
where the integrals Iglg are given by

1
79 = —_ 1—2)—-2 TrN¢ (1 —22z(1— 4.154
9= /dfc[CA(x(l_x)+x( 7) >+ N (1 — 2a( ;1:))], (4.154)

with the cone and kr regions of integration the same as for the quark jet functions. The value 7.**
is the same as in the measured quark jet function, for the respective jet algorithm.
Going through similar steps as for the quark jet function, defining

1- 2 4
re(x) = 2Caln (f) +Cazx <3:U2 —33—1—4> —TrNyx <3x2 - 2x—|—2> , (4.155)

and using Eq. (4.147) to make all logarithmic dependence on 7, explicit, we find for the cone and
k-type jet function finite distributions

Bo p 1-5 o0 a 2, oIt
g — == = _ _
Jcone(Ta) - 5(7—@) hl w2 tan2 % + CA 1— Cbln w2 + CA (1 2) 111 tan 9 (4156&)
137 11 2 1-4 23 4
Cal—+—In2—— (2 2 TrN +-In?2
+A<36+3“ 6<+1—a>) Rf(18 3“)]
4 a
- CA In % + 50 @(7_)
1—a ng/(Q*a) 2—al| T4 N

1 O(7,)O(T™* — 1,) Ta
’ 1—3{ " Foldteone) £ 2Ca0 \ o T )| f
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and

Bo s 1-5 o a R
ﬁ;@»:&@w[hl 2E+CAl_Z1nQ;§+CA(1—5)111%%25 (4.156b)
2

67 w2 1—¢ 23
— - (4 2)) - TN, | =
o (1+1me)) e (5)]
4Cy 1% Bo @(Ta)
=" @ T2-q| r
WTq a +
1 O(7,)O (T — 7,)
{ - Tg(.fCl) + QCAIH m

1
s <7-aQ—a > 2tan ];> Tg(afg)] } ,
1

where Zc¢one and x1 o are given in Eqgs. (4.139) and (4.144).

(IS

4.A.2.0.4 Unmeasured Gluon Jet Function For the unmeasured gluon jet functions, the
finite pieces are given by

By om
w? tan? g 2 w?tan? %

J? —-EZian

,al
alg ™ 2 + d% xe (4157)

where the constant part d%’ a8 f5r the cone and kT algorithms is given by

137 11 572 23 4
do:cone _ o —In2— — ) —TrN:[ =+ =-In2 4.158
J A<%'%3n m) Rf(w+3n> (4.158a)
and
67 372 23
gkt — o (2 22 ) N, (22 4.158b
J alg 72 ’Np (5 | ( )
respectively.

4.B Soft function calculations

4.B.1 Sy

To evaluate the expression Eq. (4.76), we first define

: 1ag (4mp®\€ ~
5= 5 (Cfir) Tom T ) (1.159)
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We need 7" to O(¢). Working in a coordinate system with 7i; aligned along the z-axis and n; in

the zz-plane and defining n =1 — n; - n; = nj, we have

; i on; 4°T(1 — T 1 1
Imd(ni . nj) _ ng - Ny 1( 6) / do Sinl—Ze 0 :
2y/nl(3 =€) Jo 1 —cosf1—njsindcos¢p —n?cosd

4€ +1 1— ~ /1
= 2I‘(1—e)/ du (1 —u) 771 +u)~€ o o (2,1;1—6;Z> (4.160)

1 1—un

(1-n?)(1-u?)
(1—un)?
u = n which correspond to z = 1 and z = 0, respectively. To isolate these singularities, we split

the integration over u into the ranges (—1,0) and (6,1) where n < § < 1,

where z = . The integration over u = cosf has singularities at the points u = 1 and

7N ny - ny) = T80, - ny) + I8 0, - ny), (4.161)

where

: 4¢ 0 1-n = (1
7 (n; - ny) = Ef(l - 6)/ du(1—u) 1761 +u)~° — UT; o F ( 1;1—¢ z)

. 1 2’
, 4€ 1 e o l=-n - /1
il (n; - nj) = 51“(1 — 6)/5 du (1 —u) 1 7¢(1 4 u) 61 - 2 F1 (2, L1 - €§2> : (4.162)

Over the range of integration of v in Zi*! 2 € [0, 1) for § < 1. For Zi"“, 2 € (0,1].
Furthermore, the singularity at u = n in Zi*! is made more explicit through the use of
the identity

o F (;, 1;1—¢ z) = fa(2) + fo(2)
1+2¢
fa(z) = VT <l—nu> 2131(1—67—6;1—6;1—2)

cos (em) \ |u —n| 2 2

(
™ € - 1 3
cos (em) T'(1/2 — e)T'(1 — 6)2F1 <27 1; 576 1 - Z> . (4.163)

fo(z) =

fa(2) gives an O(1/€) contribution and we proceed by using the following trick that we exploit
multiple times throughout the Appendix.

To integrate a product of functions f(z,€)g(z,€) where f is singular at the point zq, we
write the integation as

/da?f(a:,e)g(x,e) :/dxf(a:,e)g(a:o,e)+/da:f(a;,e)(g(m,e)—g(x0,6)>. (4.164)

The first integral has relatively simple = dependence since g(xg, €) does not depend on z. The term
in parenthesis in the second integral vanishes at least as fast as x for regular functions g and so the
entire integrand can be expanded in €.

We can now evaluate f,(z) by adding and subtracting the non-singular part of the inte-
grand (which is the hypergeometric function) evaluated at u = n as in Eq. (4.164), whereas fj,(z)
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is O(e) and so we can simply expand about € = 0. Adding these contributions, we find that

:461\/7?1“(1—6) (1—n2)6/5 du

Iincl(ni . nj)

2 cos(me)" (5 —€) 1 Ju —n|t
0 2
— A(n —
_/ d@éisgn(n w (1 —€ln <(n v) ))
—1 1—u 1—n?2
0
du 2 1 [ |lu—n|
— tanh ™' ( —— ) |. 4.165
+€/_11—u|u—n| o <1—nu>] ( )

For 73! the part of the integrand that is not singular at u = 1 is everything that multiplies
(1 —u)~17¢ and so we add and subtract this part as in Eq. (4.164). This gives

€ L du -n n—1)%(u
Qmmr%)_4[_1yql_®%+é d G+1 ubgc 1)2( +u>

2 u—n 1-— 4(n —u)?

—log(1 —u) + ﬁ‘ — log(2)>] . (4.166)

—u

The integrals in Eqgs. (4.165) and (4.166) give rise to many terms. However, we find that,

after some lengthy algebra, the dependence on § cancels in the sum as it must and that the result
can be simplified to

. 1 oy § 2
Ty ny) = —— +In (P0) e (7; + Liz <1 - n)) : (4.167)
i "1

4.B.2 S} and S;i*(7,)

4.B.2.1 Common Integrals

In evaluating the soft contributions Sfj and 573 (72), we find an integral of the following

form:
2 du 2
I(a, B,t) =2t / U € f(u; B,t), (4.168)
0
where ¢ > 1 and
(tan—2 % + u?)?0e 1 dtu
:0,1) = Fill,=-—¢el1—-2¢;——= ). 4.169
f(uaﬁy> (u+t)2 2171 '3 €; 6’(u—|—t)2 ( )

To evaluate this integral, we add and subtract the part of the integrand that is not singular at
u =0, namely f(u;[,t), as in Eq. (4.164). This allows us to write

R 1
I(Oé, /87 t) =2 tan*wf 5 / du{u1+2ae
0
1 12 2 /2 R
g [ 2e (o + D Do (1 227) )| 1 aaro
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where we used that

R

1

f(0:8,1) = —tan—45€ > (4.171)

and that the expansion of the hypergeometric about e = 0 for ¢t > u is

1 4tu t+u t2 5
1, - —¢1—2¢ = 1+2ln——-5+0 . 4.172
21(72 €; 6’(u+t)2) t—u(+ Entg_u2+ (6)> ( )
Evaluating the integals, we obtain
tan74ﬁ€ R t2 e -1
_ 2 .
I(Oéwg,t)— e <t2—1> +€(O[+2,6_2) L12 <t2—]_>
1+t?tan® £

— 2feLiy (-75212 +O(é%). (4.173)

4.B.2.2  Spes(r)

To evaluate Eq. (4.82) for the case that k = i, we use light cone coordinates in the frame
of jet i, k™ =mn; -k and k= = 7i; - k. In terms of these variables, the on-shell condition can be used
to give

n; - k= kT cos? 1/}”

+ k~ sin? ¢2ij — VETEk™ sin;; cos ¢, (4.174)

with cosv;; = 1 —n; - nj, and ¢ the angle in k| -space (the azimuthal angle about 7;). We can
do the k| and k% integrals using the on-shell and 7, delta functions respectively. The resulting
S;?eas(Té) has non-trivial integrals over £~ and ¢:

; 4y 1 2w 1 T
meas 1) _ o (T - T : €
Szj (Ta) 47T < wg > (nz ng)( I3 j) \/%P(% _ 6) 2 4 (TCZL)QE /0 d¢ Sin (b

o , gel-a
X/OO dh (0N g (2 B (@) ()
o (B2 \ k- Wy T\ k- = (4.175)

1 —1

2 ,
wT\ 2 05 9 Vij wrh\ e,
X [(k‘) 527]—1— 2J_<k—> 51n1/11jcos¢]

oL
Making the change of variables u = cot &/k*/k~ = cot & (“@) 7", we find that S%leas(Té) can

be written as

14+2¢
meas/ i g 1 47'('/_1,2 ( )R
m =27, )V (=) 11-a0.t)), 4.1
Si; (12) o ITa=0 ( 2 tan 5 - ( a,0,t;;) (4.176)

where I(a, 3,t) is defined in Eq. (4.168). Using Eq. (4.173) we find the result given in Eq. (4.83).
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4.B.2.3 S}

The O-functions in Eq. (4.79) are easiest to deal with if we shift to variables where each
O-function is in a different variable. The simplest choices are just the arguments of the © functions
O, and ©%, k% and u = cot gw/ k+/k~, respectively, where k¥ are defined with respect to direction

n;. This gives a form similar to the integral in S;3°*(75),

R
2
e tan 5

; 1 o 1 47 pa? ‘
S7. :—E—TZT] P(1—6) < > I(—l,l,tij). (4177)

where I(a, 3,t) is defined in Eq. (4.168) and evaluates to Eq. (4.173). This gives Eq. (4.80).

4.B.3  Spe(7F) and Sk for k # 1, j

a

We again use light cone coordinates centered on jet k. The integrations involved in
S{?eas(ﬁf) and Sfj only give rise to a 1/e pole as explained in the text, but integrating the eikonal
factor 1/(n; - k)(n; - k) is more complicated than for the other cases since there is a third direction,
ng, involved.

For unmeasured jets when there are n > 3 total final state jets, Sfj is needed. However,
as we explain in the text, measured jets violate consistency at O(1/t?) even for n = 2 (non back-
to-back) jets and the contribution of Sfj does not ameliorate this fact when n > 3. To show this,
we need to evaluate the divergent contribution of Szkj In addition, we give the form of the finite
pieces which are O(1/t2).

For each measured jet when there are n > 3, the sum Sin]?eas(Tf) + Sf’jé(Tf) is needed.
However, in this case the 1/e pole cancels in this sum and we are left with only a single, finite
integral to evaluate. This is clear from the expressions for Sg?eas(Tf) and Sfj which we derive in
Sec. 4.B.3.2 and Sec. 4.B.3.3, respectively. We evaluate the sum explicitly in Sec. 4.B.3.4.

4.B.3.1 Common Integrals
We find the following integral arising in both S{}leas(Tk) and Sfj:

a

2 [T ™ t2 + 12 — 2t 4ty cos B
I(u;te,t =—"[ dbf; sin %0, | dby sin 1720, 22 =
(usta, ty, B) 7 Sy Sin 1/0 2 510 > w2 + 2 — 2ut, cos b,
1
Xu2+t2—2ut( 61 + sin B sin 0 cos O
i p(cos B cos B + sin (sin 61 cos 2)
= 1O (us tq, ty, B) + eI (us ta, 1y, B) + O(E?), (4.178)

where the O(e?) and O(e!) parts of I are

2 iy
IO (ws ty, ty, B —/ do
( by ) 40

™

A 2+t — 2ty cos B

2 — B2 u? +t2 — 2ut, cos b
2 [T 2In (sin §) A B A— B 2 +t2 — 2t,tycos 8

I (ustg, t :—/ do 1 o b <

(w3 o, t, 5) 7 Jo - B A1 B u? + 2 — 2ut, cosf’

(4.179)
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where we defined

A =u? + 12 — 2uty cos B cos b
B = 2utysin Bsinf . (4.180)

We can evaluate I(© straightforwardly. For the range of our interest, tap > 1 and 0 <
u < 1, it gives

2(t2 + 12 — 2t 4ty cos B) (1243 — ut)

IO (usty, ty, B) = . 4.181
(3 ta, 6, 0) (t2 — u?) (87 — u?)(t2t2 — 2tqtpu? cos B + ut) ( )
In addition, we will need the following integrals over I(©) (u):
fltarte, B) /1d O st by, B) =1 212 — 2tqtpcos B+ 1 (4.182)
as lbs = ylas Ubs =1n ) :
R T (& -1 - 1)
and
1
Faltasts, B,7) = / duuI® (ust, ty, B)ln (r + u?)
0
= _{g(tm T) + g(tba T) +2In (T + 1)111 (tatb)
. ( taty — e . taty
2 Lip | —3—— | —Lisg | ———
+ 2Re 19 (T@’ﬁ T tatb> 12 <’I"€Zﬁ n tatb>
I (LTI T (r + totye ) (4.183)
tatb . elﬁ alb ) N
where

t2 2 -1
g(t,r) = Lip <M> — Lig <t2+r> +In (82— Din(r +t2) —In (t)In ((r + 1)(r +t2)). (4.184)
For r = 0, this simplifies to

e e . [P
fg(ta,tb,,@,()) = — Liy (752> — Lis (t2> + 2Re |:L12 (t tb>:| . (4.185)
a b a

Notice that both f; and fy are O(1/t?).
The O(e') piece, I is less trivial. However, the only property of I(!) that we need is

that

Fa(ta, ty, B) = /Oldu wl ™ (u; tq, ty, 3) = O(1/12), (4.186)

which can be seen by taking the large-t limit of I") in Eq. (4.179). The integral is finite an
suppressed by 1/t2.
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4.B.3.2 Sf

To compute SZJ,

. . . . R —
in the zz-plane. In terms of the light-cone coordinates about nj and the variable u = cot 5 /k*/k~,
we have

we choose a coordinate system such the 77y is in the z-direction and 7i; lies

n; -k =kt cos® 22 %k k™ sin? % — VEkTk= sin;y, cos 01

R
=k~ cos® % tan? ) [u2 + 12, — 2ut;y, cos 91}
o2 Yk ~ o2 Yk T
nj -k =k" cos > + k” sin - Vktk— (n cos 01 +n sin 01 cos 62)
j R
=k~ cos® % tan? 5 {uz + t?k — 2utjk(cos Bij cos 01 + sin 3;; sin 01 cos 92)} , (4.187)

where (3;; is defined as the angle between the ik- and jk-planes. Using the relation

ni-nj

= 2(t3 + 12, — 2t y 4.1
cos? % cos? % tan? % (tik + L iktjr €08 fij) (4.188)

we find that Sfj can be written as

1 1 AP\ € R [! R 2
Sy = “GsmoT ( il ) tan2€2/ duulfze(tan*2§+u2) ef(u;tik,tjk,ﬂij),
0

€ 4m T(1—e) \ 4A2

(4.189)

where I(u,tq,tp, fij) is defined in Eq. (4.178). Expanding in €, we find

Qg 1
S = _ETi - T ;fl(tikatjka/@ij) + F(tik,tjk,ﬂij)] , (4.190)
where the finite part is given by
W o R
F(to,ty, B) = [fl(taytb,ﬁ)ln <4A2 tan® ) fa(ta, ts, 8,0)
LR

+ 25 (tastos B, tan™? ) + foltas s B) | (4.191)

and f1, fo, and f3 are given in Eqgs. (4.182), (4.183), and (4.186), respectively.

4.B.3.3  Spes(7k)

a

Using the same coordinate system as for SZJ, we find that Smeas( k) can be written as

. 1 47r,u, CUR\E/ 1\
meas /,_k 2(1 a) .
y T T
S () = JF(I—e)( w? 2) (H@)

a

X / du u1+2€(1_“)1(u; t12, tika ﬁlj) . (4.192)
0
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Expanding in € gives

Qs
S;;leas (Tk

a) = _ﬁTi‘Tj

(

1+2¢
) Fitins tix, Bij) + (%) G(tikatjkaﬂij)] 7 (4.193)

Q\]gr‘ =

where
_ 1 /1’2 2(1—a) R
G(taatbaﬂ) = _5 fl(taatlhﬁ)ln <w2 tan 2) + (1 - a)f?(taa tbvﬂvo) + f3(ta7tba B) ) (4194)

and f1, fo, and f3 are given in Eqgs. (4.182), (4.183), and (4.186), respectively.

k m k
4.B.3.4  SE+ Smes(rh)
The sum of Egs. (4.190) and (4.193) is finite. We find

= &y,

S5 (ra) + So(7a) =

4N L R
3(rs) (fl(tik,tjk,ﬁz’j)ln <w2 tan™2¢ 2)

o R
+ (2 — a) fa(tik, tjk, Bij, 0) — 2f2(t12atika/8ijatan 22)>

-2 <7_1k>+f1 (tik, ks @‘j)] : (4.195)

a

where f; and fo are given in Eqs. (4.182) and (4.183), respectively.

4.C Convolutions and Finite Terms in the Resummed Distribu-
tion
In evaluating the final resummed distribution Eq. (4.128), each measured jet function

must be convolved against a corresponding soft function piece S™. These convolutions take the
form.

O(1s — 75)
— Té)1+wg

/ drydrsdr’ drly J(), 17) 8™ (14, us)

O(ry —1%) ]
n

(g = Ty

] (1t —715—75).
4

(4.196)
For the class of functions of the form z~'~* with w # 0 and w < 1, we define the plus distribution
by

(7s

5] - [#522 ]
4.
S > [otnrs] (1.197)
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where the plus functions on the second line are given by Eq. (4.138),

[@(xﬂn"(“f)] = im [@@ —f)ln(@)  In Mﬁa(:ﬁ _ 5)] . (4.198)

x B—0 x n—+1

Using the techniques of, for example, Appendix B of Ref. [134], we find that the final result can be
written in the form Eqs. (4.128) and (4.131) with the functions d;(7¢) given by

cone,; 1 3 7 1 5
A% (r8) = Op s H(-1 )+ +31n26< + Z)
4 2
+(1_a)(2_a)(12+H(—1 ) —*Q,Z) ) (4.199&)

_l’_

1 , 1 T
—2 /dTJdTJ{ [72/] (rq(mcone) + 2In (tan@_“) R))] |
2 +

O(ry —1%) ‘ O(1s — Té)
(g — 7)) s (18 — 7y)t s N
and
3 13 72 1-2
q,kT _1_0. -~ _ 2
dhr(r, N =Cp 2_aH( 1-Q)+ 5 G <4+1_a>
4 2
([ H(-1-0)? - -y 4.1
e (g AL - o)) (1991)
1 11 7 L 1 R
il o | — 4 | 2ma s, i
+ -2 /dTJdTJ{ [7_3 <rq(x1)—|— n <tan(2—a)§> S) (T 2tan 2>rq(m2)) .
O(ry —14) O(7s — 75)
(rr =)t | [ =m)tes | S ]
for quarks and by
ne, i Bo 4C 4 w 1
gocome iy — H(-1-Q) 4+ —o o H(—1—0)% - =W (-0,
137 11 2 1-4 23 4
— 4+ —In2-—{(2 2 TrN +-In2
+CA(36Jr 6<+1—a>> Rf<18 3“)
1 R T
+ 1_ % /dTJdTJ{[TLI] <Tq(x1)+21n (M) >:|+
) _
@(TJ/ ITJ)Z. O(rs ITS)Z. (4.199¢)
(g =7y | (g —7)tes |
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) 7r2
d% T (i) = &@H«J—Q»+uj%;a)@2+HVJ—wﬁ—;wW—mQ

67 7 1-3 23
——— (4 2)) - TNy =
o5 () (5)
1 1 7 A 1R
+ 1— % /dTJdTL,]{ |:7_‘/] (Tq(xl) + 2In (M) -0 <Ta2 > itan 2) Tg(x2)>:|+

o o
O 17-{1 Q(TS EU)J ] } (4.199d)
Jr || (= )t |

(1t =15 N

for gluons, where in all cases Zcone, 21,2 (defined in Eqgs. (4.139) and (4.144)) are evaluated at 7 = 7/
and ry 4 are defined in Egs. (4.148) and (4.155). For the soft function, dg(77) is given by

2
ds(Ti) — % + H(—l _ 92)2 _ ZZ)(I)(_Qz) . (41996)

a

4.D Color Algebra for n = 2,3 Jets

For the two and three jet cases, there are no color correlations since all color generator
inner products T; - T; can be expressed in terms of the Casimir invariants C4 and Cr. For n = 2,
there is a quark jet with charge T, and an anti-quark jet with charge Ty that each square to Cp.
There is only one inner-product in this case and using color conservation (), T; = 0), we have that

T, T;=-T;=-T;=—-Cp. (4.200)
For n = 3 jets color conservation gives that, for example,
T - Ts = 5 [(T1 + T2)* — T} — T3]

N =N

[T5 — T3 — T3] . (4.201)

Referring to the quark, anti-quark, and gluon generators as T,, T3, and Ty, respectively, using
T2 = T2 = Cr and T2 = C4 in Eq. (4.201) gives

T, T, =T; Ty=——. (4.202)
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Chapter 5

Factorization of Boosted Multijet
Processes for Threshold
Resummation!

1 Introduction

Factorization of cross-sections is the basis of every theoretical prediction at hadron collid-
ers. 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) [94, 90],

c=fRf®0. (5.1)

The PDF's are universal, and can therefore be extracted from one process and used to make predic-
tions in another. Moreover, ¢ will in general depend on a hard scale @ (for example, the partonic
center-of-mass energy \/g), while the PDFs depend on the scale at which they are measured, say
Aqcp. The evolution of the PDFs between these two scales resums logarithms of @ /Aqcp. This ba-
sic paradigm illustrates the two main uses of factorization: separation of universal, non-perturbative
contributions to a cross-section from perturbatively calculable contributions, and resummation of
logarithms of ratios of scales to which each contribution is sensitive.

When 6 depends only on a single scale, Eq. (5.1) 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, 6 can depend on mass scales associated with the jets such
as M, hard scales like v/, and seesaw scales like M} /v/5. 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
non-perturbative physics that is not captured in the PDFs [92, 93, 145, 144].

In this chapter we will focus on so-called threshold logarithms. When a process approaches
its kinematical threshold, there is limited phase space available for radiation. 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

!This chapter was originally cowritten with Christian W. Bauer and Nicholas Daniel Dunn [17].
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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 [5, 180, 179, 71, 72, 95, 52, 122, 151, 155, 2, 50, 144, 158, 19, 160, 39, 83].
It has been suggested [7, 78] 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 [40]. In this chapter, 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 plan on exploring
resummation away from the hadronic endpoint in future work [16]. For this reason 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 (SCET) [19, 21, 33, 29] is the relevant effective field
theory that can be used to derive factorization in many hard scattering processes [20]. 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 definitions, such
as in Drell-Yan [137, 40] where there are no jets, hemisphere jets in event shapes [26, 24, 156, 157,
124, 172, 125, 18, 41, 135, 134], or completely inclusive jets as in B — X [19], DIS [160, 39, 83]
and prompt photon production [42]. Factorization of jets defined with more generic algorithms
was considered in [23] and two-jet rates defined with jet algorithms were computed using SCET in
[24, 187, 85]. A study of various different jet algorithms and the dependence on the jet parameters
in the framework of SCET was discussed in [85]. More recently, a NLL analysis of jet shapes in
multijet events using modern jet algorithms in eTe™ collisions was performed in [114, 116].

The goal of this chapter 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 factor-
ization formula, developed in [23] and applied to eTe™ collisions in [116, 114], must be employed.
The consistency of this factorization (that is, the fact that the cross-section is independent of the
factorization scale ) is only demonstrated here in the true hadronic endpoint. However, we plan on
investigating the consistency of this factorization away from hadronic endpoint using the steepness
of parton luminosities in [16].

Factorization formulas for the case of a single, inclusive jet have soft functions that depend
on the null component of the total soft momentum in the direction of the jet. When there are no jets
(e.g., Drell-Yan), the soft function depends on the timelike component of the total soft momentum.
In extending threshold resummation to more than one jet using jet algorithms, we find a soft
function that depends on the timelike component of the total soft momentum outside of the jets
and on the null component of the soft momentum within each of the jets. Thus, our result reduces to
the previously considered cases of zero and one inclusive jet when our jet algorithm either includes
none or all of the final state soft momentum, respectively.
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The organization of this chapter is as follows. In Sec. 2, we define precisely what we mean
by threshold production of N jets and discuss the corresponding kinematics. In Sec. 3, we briefly
discuss different classes of jet algorithms used at hadron colliders. We then derive our factorization
theorem in Sec. 4, beginning for notational simplicity with the case of a single (quark or gluon) final
state jet, then extending these results to the case of IV jets. We derive the anomalous dimensions
for the objects that appear in our N jet factorization formula in Sec. 5 and use these in Sec. 6 to
show that our factorization theorem is formally consistent, at least in the hadronic endpoint region.
Finally, we present our conclusions in Sec. 7.

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 N jets each
with fixed transverse momentum prt and pseudo-rapidity 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
§min = (q + pr]) ) (52)

where pf] is the momentum of the ith jet. This momentum is defined in terms of the p} and 7y of
the jet as

py = (pycoshny, pt, ptsinhny). (5.3)
Of course, the actual partonic center-of-mass energy § typically exceeds this minimum value, and

in general can be as large as the available machine center-of-mass energy s. Therefore the dimen-
sionless variable z, defined as

§min
= , 5.4
z= (5.4)
can range from
T<z<1, with 7= Jmin (5.5)
S

Going to hadronic threshold (7 — 1) forces z — 1, such that the only emissions kinemat-
ically 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 Em (1, A2, \) (in the light-cone co-
ordinates of the jet) and soft radiation scaling as E., (A2, A2, A2), each contribute an equal amount
to §, where A ~ /1 — z is a small, dimensionless parameter. In this limit of restricted radiation,
partonic momentum conservation can be written as

N
p1=q+ks+2p2, (5.6)
%

where p; is the total initial-state (partonic) momentum, ks 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
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fixed pr and n 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 S,;,. To do this,
we note that an arbitrary 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 +-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

Pt =pl+ptot, (5.7)

where v* = (1,0) and p; is given in Eq. (5.3) with p} and 5, 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 7, k;, and a part that is not included in any of the jets, kout,

N
ks = kit kout - (5.8)

Using this together with the relation Eq. (5.7) and the fact that
(e + ki)™ = 0% + k) — [pe + ki = pF + k7 + O\, (5.9)

where on the right hand side, k:r is plus with respect to p; and p’t is plus with respect to p., we
can write momentum conservation Eq. (5.6) at leading order in \ as

N N
Pl ="+ kb + Y+t [Z(p; i klf)} ' (5.10)

(2

Here, we have also used that out-of-jet collinear radiation is power suppressed [116].
Given these definitions, we can write

N

1—2z= %p[- <kout+v|:2(pj+k'j):|> + O\

)

N
=2 (b1 kow + 2 S 0F +5D)) + OO, (5.11)
(2
where § = p%. We see that since py 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 chapter. However, z can be forced close to one 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 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 parameterization 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 —
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X7, DIS, and direct gauge boson production. As we will see in Sec. 4, Eq. (5.11) implies the soft
function in general depends on the timelike component of koyu 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 kg is just koyt. 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 ks = k1. 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. [144], 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.

3 Jet Algorithms at Hadron Colliders

Perturbative calculations require a precise definition of the phase space boundaries im-
posed by the jet algorithms. 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 mea-
sure 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 17 — ¢ space

ARij = \/(Amj)Q + (A¢ij)2 . (5.12)

As already 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 and Snowmass, are quite simple. The restric-
tions 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

“Note that double counting is avoided in [144] by removing collinear modes from the soft function (“eikonal
subtractions”) whereas in SCET double counting is avoided by removing soft modes from the jet functions (“zero-bin
subtractions” [163]). In SCET there is no freedom to choose how to avoid double-counting since it is only when soft
modes in the collinear sector are removed that we find soft and jet functions which are separately IR finite [134, 135]
and thus the limit R — 0 does not lead to a vanishing contribution from in-jet soft momentum.



152

soft and collinear particles to be in a jet j with direction n is therefore

Of, =0k, = Il@Amn<R) (5.13)

soft,j

For the purposes of this chapter, we only need results at relative order «y, and therefore only have
to consider one extra particle in the final state. The restrictions therefore simplify, and for the
extra particle ¢ we can write

@softj @collj - @(ARZ n < R) (5.14)

Cluster algorithms iterate a process of calculating a distance measure d;; for all pairs of
particles and removing the one with the minimum distance. 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

collj H @ Rﬁmk R) : (515)

Here N denotes the total number of collinear particles in the direction of the jet n;. ARﬁmk 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 @zR for cluster

algorithms simplify and are given by
@Soft] O(AR;n < R) (5.16)
for soft particles and by

Of,; = O(ARy, < R) (5.17)
for collinear particles, where k and [ label the new particles after the collinear splitting. For more
information about jet algorithms in SCET see [116].

4 N-Jet Factorization Theorem

In this section, we present the factorization theorem for the cross-section to produce N
jets, defined with respect to a jet algorithm, differential in the 3-momentum (pr and pseudo-rapidity
n) of each jet and of the non-strongly interacting particles. To keep the notation simple, we begin
in Sec. 4.1 by discussing the case of a single jet produced via the channel gg — g. We then discuss
the differences between this derivation and the one needed for the channel ¢§ — ¢. It will be clear
from these derivations that, aside from the promotion of the hard and soft functions to matrices

3 An example for such a distance measure is d;; = min{pr,, pr S }AR;; for the kr algorithm.
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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 Sec. 4.2.

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 [16] 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 [19, 21, 33, 29].

4.1 Case of a Single Jet
411 qGg—g

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

(qX|O|PLP) =Y MIPHTZ (X[95) AL | PLP) . (5.18)

7

Here, |g) represents the non-strongly interacting final state of total momentum ¢, |P;) and |Py) are
the incoming hadrons with the corresponding momentum, and |X) represents the hadronic final
state. This equation defines the M;" Pl 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 QP () = M [y AL ()

=3 MIEN T C({p)) e PP (3500 (g )y (B—pa)i ] (@) . (5.19)
J {p}

At tree level, we have
Ciy({p}) = 045 - (5.20)

The matching condition in momentum space takes the form
MBI ol (k) = MoPr / dtz 7T QK (g)
7 7
3
=00 (T1 [ ) G 6 ) e ) B )
j i=1

x (2m)* 6 (p1 + p2 — ps — k) , (5.21)



154

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

/d4p = /((21?;4' (5.22)

Using this matching condition, we can write the cross-section differential in the jet pseudo-
rapidity 1y and transverse momentum p}1 as

do 1 rest. )
dgp';dan(I) 2E2 Z | qX‘O|P1P2>|sp1n avg. 6(ns — (X))(S ( - Pp (X)) (523)

cm X
X (277)454(P1 + Py —q—px)

rest.

o D) DD IR ;;g;a H / A pust's}) Coy () Ciy ((71))

M X spini,j,i’,5’
x (PLP3| Y3 (ph) X2 (—ph) BEA (—p) | X) (XX (—p1) X (p2) B{ (—p3) | P o)
x 8(ny — n(X))6*(py — (X)) (2m)*0* (p1 + p2 — p3 — q) -

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

_ 17 P
do, =] T (5.24)
k

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 7(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 = ~°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 z, applied the matching condition Eq. (5.21), and then integrated over
x which resulted in the partonic momentum conserving delta function on the last line.

We can simplify Eq. (5.23) using the following observations. First, we can use the BPS
field redefinition [29] to decouple soft and collinear modes to O(\?),

Xn(2) = Yo (2)xn (1) (5.25a)
Xn(2) = Xn(2)Y, (2) (5.25D)
Bp(2) = Yo(x)Bp(z) = Y, (2) Bu(2) Yo (z) (5.25¢)
where Y, is a soft Wilson line, for which we adopt the conventions?
. 0
Y ' (z) = P exp [igs / 0Odsn -Ag(x 4+ sn) |, (5.26a)

“For a discussion of the various conventions for in- and outgoing Wilson lines and how they are related see for
example Ref. [9]. There is also a nice discussion of how soft Wilson lines arise in the path integral formulation of
SCET in Appendix C of Ref. [40].
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for an incoming particle (where P denotes path ordering) and
o
YT?“tT(x) = Pexp [igs / dsn-As(x+sn)|, (5.26b)
0

for an outgoing particle. In momentum space, the field redefinition in Eq. (5.25) induces the shift
pe — pe + ks where kg is the total soft momentum carried by the Wilson lines.

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 C:)ZR, defined in Sec. 3. 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| BIA(—ph) ©Fn 56 (ns — 7)6%(p] — D7) BE(—p3)[0) = —E,(2m)*6* (v — p3)d*P g2 T (p3) ,
(5.27)

which defines the gluon jet function J(p). Integrating Eq. (5.27) 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 ng = (1, p?/ ‘pﬂ coshny,tanhn;) and w = 2pr§ coshny. The label “3” on C:)?]‘L2 and
on gtg indicates these are defined with respect to the direction ng 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 [20, 23]

[0 P 0P = Bt (§) [ s

oo 1
AP P D) P s = Bendor () [ ofit). 629

with p1 2 set to 1:172Ecm% = %wl,g ni2 (where n; =n and ng = n1) and p’L2 = p1 2.

The color structure in the matrix elements Eqs. (5.27) and (5.28) 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 kout and ks (the out-of-jet and in-jet momenta) as

/ oS (ke (1)) = d4ks<o\T[YT Y TAY,, Y, |64 (kY — i0")T|Y,] Y] TAYHSYM} 0)
CaCr

ng N3 ni-ns

= / d*kous d*k3 S (kous, k3, {ni}) (5.29)
where {n;} = {nq,ng,ny} and T (T) denotes (anti-) time-ordering. S(kout, k3, {n;}) is then defined
as

1 — .
S (kou ks, {ni3) = g (O[T VYL, T4Yo, Yo, |6 (ks — )

ni-n3

¢ 64 (kout — Eout)T[YT yi TAYmYnQ} l0), (5.30)
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and it is understood that the replacement ks — kout + k3 should be made wherever k; appears.
The operators kqyt and k3 are defined as

I;’g = ég)ft’gi@“
B = (1- 08, )i0". (5.31)

Finally, using that the spin- and color-averaged square of the Born matrix element Mp,
2, can be written in terms of M, as

1 Te[TATA] 3
|Mp|* = e S Mg = —7[ e § ML (Pp1) % (Pp2) P g
A A

spin,color

aa fefe]
= Maﬁ“Mo‘ﬂ“(¢1> (@) Ls 5.32
4CAS 2 2 o) I (5:32)
(23
we see that the Dirac structure of the matrix elements in Eqgs. (5.27) and (5.28) naturally gives rise
to the Born cross-section.
To simplify the notation, we define a hard function H which includes all perturbative
corrections contained in the matching coefficients C;; as
Cp » . Bapi aa BB |
55w CtlBNCE (B DM () (%) gt

|Mp|?

H({n;,w;}) = — , (5.33)

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

do Ejy d:L’l dxg 2/ 4 / 4 / 4
Mp d*k d*k 5.34
d2pT dtanhr, dd,  2EZ, ’ " [ dps 0 3 (5:34)
x H ({7%wi})fq(ifl)fq(xz)Jg(pB)Sqqﬂg(k@a k3, {ni})

(277)45 (xlEcrn + $2Ecm* —q—ky—p3—ks).

The final step is to simplify the momentum-conserving delta function. We use Egs. (5.7)
and (5.10) to write it, up to power corrections in A, as

n
(5 (xlEch + 2B 5 —q — kout —p3 — k3)
2
= g1 gl how+ i 41D
T o: h
< 2(pT + q1) a<y _ tanh™! (p“q)) , (5.35)
pycoshny + qo

To arrive at Eq. (5.35) we made the change of variables

r1 = \/?GY
z

Ty = \/?ey. (5.36)
z
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In switching from z; 2 to z and the total rapidity Y, we will also need that

1 zZ

dzy d d 2

dxy dag / 27/21 (5.37)
aln 2

Now, since there is no dependence on the soft momenta other than on the components py - kout and
k‘gr , and the only unconstrained component of ps is the plus-component, p;{, we can integrate over
the other variables to obtain our final expression

1 z
do dz [z»7 —9
i = i [ [ O R Hypg (s i) ) )
J q 2 T

x/ dpd J9(p /dk:8 /dk+sqqag(k@,k3 )0%(Py +q")
><(5( — tanh™ (JSlnth+qz>>
pJ coshny + qo

X [1 —z— < 2 coshY (pf + kih) + k:g)} . (5.38)
§

<0\T[YTY T4Y,,Y, }5(@_;;;)5@0 1~l%out)

The soft function in Eq. (5.38) is defined as

Sag—g(Koue: k3> {ni}) =

ng - n3 out

CaCFr

1]
X TV, Y T4Yo, Yoo [0)
= (ko )d(kF) + O(avs) . (5.39)

Note that, despite our notation, kO, = pr - kout/|pr| in general has a nonzero spatial component.
This function is most easily computed in the partonic center-of-mass frame where k0 . is in fact
purely timelike. The jet function in Eq. (5.38) is defined as

out

14 w ip-xT s v, v
Towh)gl o = - / d'a e (0] B (0)0815 BT 5(0)10) = 6(pT)gh 67 + O(a), - (5.40)
where, again, the label w is set to w =2F; = Qp% coshny.

4.1.2 qg—q

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

[ O 04 O 000 — P — BP0} = 07 (B2) ey, 5a)

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

1 ip-T a A = a
T8 = o [ 015 @Ok w0 0) = 567 + 0. (.42
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For the initial state gluon, we obtain the gluon PDF via the relation

1 1 T
[tpdt PIEAGOBEGIP) = 5 50n [ S hy(o). (5.43)

Finally, the soft function is defined as in Eq. (5.29) but with the appropriate modification in the
definition of the Wilson lines for incoming and outgoing fields given in Eq. (5.26). The final result
after these differences are taken into account is of the form Eq. (5.38) but with the substitutions
fa— fg, J? — J% and Sggg — Sgg—q-

4.2 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, anti-quark 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 Mfw“ to give the Born matrix element at tree
level. The PDF's 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.

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

- N

(b (1) = 37 01086k = ) TL 07~ 0s10) . (540
7

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 Eq. (5.25), 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 kous and k; that appear in Eq. (5.44) are defined as

N
i = (1= Y 0%, )ion. (5.45)

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

do 1 ldy [2n3 S
= — dY [Mg|?H ({ni, w; x x
Hf\[ d2p:1]:_dtanh77(]idq)q EﬁmT /T > /1 . | B| ({ })f1< 1)f2< 2)

g7

N der N
X H/Q_(Q;)gJi(p?)H/dkj /dk85(k8,{ni,kj )

N

2 Eem

x (2m)* 6 [1 Sy (@ coshY Y (pf + k) +k8>
S S -

N 1 . N
X sinhny + g,
x 5<y — tanh™! (ZZ P, AN T4 )) 25 +d5).  (5.46)

>°1 pt coshn, + o

7
5 Anomalous dimensions

Now that we have shown that a generic N-jet cross-section factorizes in the limit of
1— 2z <« 1, we are left to calculate each ingredient of the factorization theorem. In this chapter 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 NLLS.

5.1 Hard, Jet and Parton Distribution Functions

Both the Born-level matrix element and the hard function, which can be found by calcu-
lating the 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({”i, wi}§ 1)
dlnp

= yu ({ni, wit; ) H ({ng, wiki ) (5.47)

only depends on the directions n;, label momenta w;, and color charges T; of the collinear particles
and is given by [87]

2 n~ -n .
v ({ni,wit p) = Z (Fcusp TZ1In % - ’yl-> — 2Teusp Z T; TjIn ——— (5.48)
1€{partons} i (2,9)
The cusp anomalous dimension at two loops is given by
2 2
Qg « 67 w 20
r == 5 — — — | = —=CFrT; . 4
cusp = — 5 [CA ( 9 3) 5 Cr an] (5.49)
The ~; to one-loop are given by
3 «a
Vg = 27: CF and Yg = ﬁﬁ07 (550)

5There are several different ways to define precisely what is meant by NLL. In this chapter, we will use the
convention of [40].
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for quarks and gluons respectively, where 3y is defined as

11C4  2N;

Bo = 3 3

(5.51)
The sum on (i, j) is a sum over all distinct pairs of partons i and j for i # j.

The quark and gluon jet functions have been calculated previously, e.g.[25, 53, 15], and
were first calculated with a jet algorithm in [116]. Their anomalous dimensions, defined by

dJi(p;; pi
d(hm#) :/0 A’y of =05 ' ) (5.52)
are given by
1
10, 10) = (2 Tonp T +%%Wf%4nmyﬁu<;>‘ (5.53)

The expressions for I'cysp and v; are the same as for the hard function. Note that the algorithm in
[116] used a polar angle for the measure and not Eq. (5.12). 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 it 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 y can be computed,

dfi(zip) o Ldz
et = [ Ry (Fin) (5.54)

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

Qs

?Pl-j(a:) = {2 Teusp T? + 79 0(1 — m)] Sij - (5.55)

1
(1 —=)4
5.2 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 k.. At order as, 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

S( out» {nl?kj}) Ollt out H 6 k+ + 5 out Z Sm kJr H 5(kj+)a (5'56)
i€{jets} i€{jets} je{;'éeps}
J#i

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
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jets but the n; run over all initial and final partons). The time-like component of the soft function,
Sout, 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 R
Sous (K T;-T;2g° 26/ L
o) Z g (2m)d (n;-k)(n;-k)

o< (D1 10
< 2na ()5 (R i) 1 ke;t}@softk] (5.57)
jets

where (:),If is the restriction that the gluon is in jet k, defined by a jet algorithm of size R as in
Sec. 3. 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 7; and @; respectively, we have that

ZT ‘T, 29% 26/ % iy 276 (k?)5 (k0 — - Y ef
out (27T)d (flz k)(ﬁj k’) out soft,k

ke{jets}

Sout

(5.58)

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’in(ki+ ), are defined in the hadronic center-of-
mass frame as

E ddk n; M
1n kJr T T 2 2 26/ vt 276 ]{}2 5 e — ki ‘
(i) @m)d (ni- k) (ngk) (k%) (i )Ltk - (5.59)
7j

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

dvk g7 w w
+ 2 2 171y 2 k + ko +
Sin(k;) <§ >T ‘T, 29%n / @) (7 ) (ﬁj.k)%é(k )—@k <k a}}gk,ﬁ) @softk (5.60)
7.]

The calculation of Sj, and Syt in the partonic center-of-mass frame can be related to
the calculation of the soft function in [116]. While [116] uses a polar angle measure, we will show
that, even though Si, and Syt 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 [116] 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 17 — ¢ measure. Since the n — ¢ measure is boost invariant, the
R-indepence of the anomalous dimension must be true in all frames®. The relations of Si, and Sout
to the soft function in [116] are given by

5We have verified this explicitly for small R by making the replacement R — R/coshn, which relates the polar
angle and 1 — ¢ measures in the small R limit.
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d incl k
Sout (k20 ZT\ Sinl + Z Sk , (5.61)
(3,7 ke{jets} A=KO
and
Sin (k) —22 Smeas (5.62)

where Sg‘“l, Sk and 573 are defined and computed in [116]. In calculating S77°*, we use the
definitions 7§ = k:+/wk and p=20 (7‘6C - k*/wk), where 7, and 0 are originally defined in [116].

The anomalous dimension of this soft function is defined as

ds i ki
( out7{n i } M H / d]{:/Jr/ dk,ut 75 out k:)(ilt’{ni’kj _k/;r};'u)
dlnp ic Gots)

X S<k/0?1t7 {nia k,:—}a /J') . (563)

Using the results of [116], together with Eqs. (5.61) and (5.62), the result for the anomalous
dimension can be written as

v (Kur {nin k) = D s (k) TT 00 0(k3ue) + sow Buss ) ] 0(k7) . (5.64)

i€{jets} j€{jets} i€{jets}
J#i
with
s (k5 1) = 2 Tousp TF — ( St ) (5.65)
pw k Wi /4
YSout (kgut§ 1) = Teusp Z Ti-T; (2 In 7112713) 5(kgut) 4Tcusp (T + TQ) (2]5) ) : (5.66)
<Z,]) out

6 Consistency of Factorization to O(ay)

Consistency is a nontrivial check of our factorization theorem. The factorized cross-section
should be independent of the factorization scale y in the threshold limit and thus renormalization
group invariant. Starting from the generic N-jet cross-section, Eq. (5.46), ignoring multiplicative
factors that do not affect the derivative, and using the shorthand notation

do _ d do
dinpg — dlnpT], deEdnJidéq ’

(5.67)
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we have that

/ a /211 ’ dY H ({n;, wi}; p) f1(21; p) f2(v2; 1)
x H /dp+J pz e H /dk+/dk8ut out’{n“kz } M)

1€{jets} i€{jets}

y dln H({ni,wi}; p) n dlIn fi(x1; p) N dn fo(xo; p)
dlnp dlnp dlnp

3 dinJi(pfsp) | dIn Sk, {ni, ki )i )
dlnp dlnp

dlnu

1€{jets}

2 [ \/TEcncoshY
X0 |l—z—— | —mF7— + kD) + K8, . 5.68
\/g \/g ie%S}(pz ) t ( )

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

filasp) = 5(1 — ) (5.69)

H({ni,wi};p) = (5.70)

Ji(p s ) = 5(191 ) (5.71)

S(kSu {na, ki ) = 6(kDy) [ o(k). (5.72)
1€{jets}

Using this and working to lowest order in ag, we can simplify Eq. (5.68) to get

dU Oés as .
dInp h ?PH(T) " ?P22( Tt 2Ecm\f E; }IYJ <2Ecm\[( T)“u>
1€{jets
S 2 (352 7)) 300 = 7
i€{jets

+ \fvsout (f(l - T)?M) : (5.73)

After plugging in Egs. (5.48), (5.53), and (5.64), rescaling the plus functions using the identity

(2) -2 2).
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and combining the various terms, we find

d |
T T |3 T Ty <21n”z ”J>+T21n + T3l 7+ 3 T2< In “fz> . (5.75)

dinp i#j ity i€{jets} i
After making the simplification

;N wj
T; T, (2ln—- T; T 171 = T2 [ —21n — 5.76
ST (i) =S (nfn2) - S m(-md), e

i#] ie{partons}
1753

where we have used that p;-p; = p;-p; and ), T; =0, Eq. (5.75) gives

do
dlnp

=0. (5.77)

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

7 Conclusions and Outlook

We have 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 convolution of parton distribution
functions, a hard function, jet functions for each observed jet and a soft function describing among
other things the color recombination 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 depends
on a time-like component of the soft momentum outside of the observed jets, and the light-like
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 e*e™ collisions in [116, 114].
This soft function allows us to interpolate between the soft function arising for final states without
observed jets (which depends only on a time-like component of the soft momentum) and the soft
function for completely inclusive jet production (which depends only on the light-like component
of the soft momentum).

We have derived the UV divergent parts of all ingredients of the factorization theorem to
O(as). 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 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, will be the subject of future work [16].

Our results can be used to explicitly resum threshold logarithms to NLL accuracy (in the
log-counting convention of [40]) for any process in hadron collisions with any number of jets and
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non-strongly interacting particles in the final state. The technology of going from the anomalous
dimensions we present here to explicit resummed distributions is well known. Beyond one jet, in
addition to the standard resummation methods, we need the matrices T; - T, but these have been
computed for many processes (see, e.g., [87, 144, 142, 105, 174, 175]), 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 di-
mensions 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., WTW ~j [65, 103] and Wjjj [46]), this would
have a significant impact on the precision frontier of predictions at the LHC.
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