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1 LECTURE NOTES INTRODUCTION

1 Lecture Notes Introduction

These notes provide reading material on the Soft-Collinear Effective Theory (SCET). They are intended
to cover the material studied in the second half of my effective field theory graduate course at MIT. A
complete hand written version of the notes I used when teaching this course in 2013 can be found at:

http://http://www2.Ins.mit.edu/iains/talks /SCET Lectures_Stewart_2013.pdf
These latex notes will also appear as part of TASI lecture notes and a review article with Christian Bauer.

Familiarity will be assumed with various basic effective field theory (EFT) concepts, including power
counting with operator dimensions, the use of field redefinitions, and top-down effective theories. Also
the use of dimensional regularization for scale separation, the equivalences and differences with Wilsonian
effective field theory, and the steps required to carry out matching computations for Wilson coefficients. A
basic familiarity with heavy quark effective theory (HQET), the theory of static sources, is also assumed.
In particular, familiarity with HQET as an example of a top-down EFT where we simultaneously study per-
turbative corrections and power corrections, and for understanding reparameterization invariance. These
topics were covered in the first half of the EFT course.

A basic familiarity with QCD as a gauge theory will also be assumed. Given that SCET is a top-down
EFT, we can derive it directly from expanding QCD and integrating out offshell degrees of freedom. This
familiarity should include concepts like the fact that energetic quarks and gluons form jets, renormalization
and renormalization group evolution for nonabelian gauge theory, and color algebra. Also some basic
familiarity with the role of infrared divergences is assumed, namely how they cancel between virtual and
real emission diagrams, and how they otherwise signal the presence of nonperturbative physics and the
scale Aqcp as they do for parton distribution functions.

Finally it should be remarked that later parts of the notes are still a work in progress (particularly
sections marked at the start as ROUGH which being around chapter 8). This file will be updated as more
parts become available. Please let me know if you spot typos in any of chapters 1-7. The notes also do not
yet contain a complete set of references. Some of the most frequent references I used for preparing various
topics include:

1. Degrees of freedom, scales, spinors and propagators, power counting: [II, 2] 3]

2. Construction of LgcgT, currents, multipole expansion, label operators, zero-bin, infrared divergences:
[2, 4, [5]

3. SCET}, Gauge symmetry, reparameterization invariance: [4, 6l [7]

4. Ultrasoft-Collinear factorization, Hard-Collinear factorization, matching & running for hard func-
tions: [II 2], 4} 6]

5. DIS, SCET power counting reduces to twist, renormalization with convolutions: [, 9]

6. SCET, Soft-Collinear interactions, use of auxillary Lagrangians, power counting formula, rapidity
divergences: [6, [3, 10} Bl 11]

7. Power corrections, deriving SCETy; from SCETy: [12, [13] [10]
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2 Introduction to SCET

2.1 What is SCET?

The Soft-Collinear Effective Theory is an effective theory describing the interactions of soft and collinear
degrees of freedom in the presence of a hard interaction. We will refer to the momentum scale of the hard
interaction as ). For QCD another important scale is Aqcp, the scale of hadronization and nonperturbative
physics, and we will always take @ > Aqcp.

Soft degrees of freedom will have momenta pgo, where QQ > pgogr- They have no preferred direction,
so each component of pé‘oft for ;1 =0,1,2,3 has an identical scaling. Sometimes we will have psof ~ Aqep
so that the soft modes are nonperturbative (as in HQET for B or D meson bound states) and sometimes
we will have pgoe > Aqcep so that the soft modes have components that we can calculate perturbatively.

Collinear degrees of freedom describe energetic particles moving preferrentially in some direction (here
motion collinear to a direction means motion near to but not exactly along that direction). In various
situations the collinear degrees of freedom may be the constituents for one or more of

e ecnergetic hadrons with Ey ~ Q > Aqcp ~ ma,
e energetic jets with Fy ~Q > my = \/p?, > Aqep-

Both the soft and collinear particles live in the infrared, and hence are modes that are described by
fields in SCET. Here we characterize infrared physics in the standard way, by looking at the allowed
values of invariant mass p? and noting that all offshell fluctuations described by SCET degrees of freedom
have p?> < Q2. Thus SCET is an EFT which describes QCD in the infrared, but allows for both soft
homogeneous and collinear inhomogeneous momenta for the particles, which can have different dominant
interactions. The main power of SCET comes from the simple language it gives for describing interactions
between hard < soft <+ collinear particles.

Phenomenologically SCET is useful because our main probe of short distance physics at @ is hard
collisions: eTe™ — stuff, e"p — stuff, or pp — stuff. To probe physics at Q we must disentangle the
physics of QCD that occurs at other scales like Aqcp, as well as at the intermediate scales like m ; that
are associated with jet production. This process is made simpler by a separation of scales, and the natural
language for this purpose is effective field theory. Generically in QCD a separation of scales is important for
determining what parts of a process are perturbative with oy < 1, and what parts are nonperturbative with
as ~ 1. For some examples this is fairly straightforward, there are only two relevant momentum regions,
one which is perturbative and the other nonperturbative, and we can separate them with a fairly standard
operator expansion. But many of the most interesting hard scattering processes are not so simple, they
involve either multiple perturbative momentum regions, or multiple nonperturbative momentum regions,
or both. In most cases where we apply SCET we will be interested in two or more modes in the effective
theory, such as soft and collinear, and often even more modes, such as soft modes together with two distinct
types of collinear modes.

Part of the power of SCET is the plethora of processes that it can be used to describe. Indeed, it is
not really feasible to generate a complete list. New processes are continuously being analyzed on a regular
basis. Some example processes where SCET simplifies the physics include

e inclusive hard scattering processes: e p — e~ X (DIS), pp — XI*l~ (Drell-Yan), pp — HX, ...
(either for the full inclusive process or for threshold resummation in the same process)
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e exclusive jet processes: dijet event shapes in ete™ — jets, pp — H + O-jets, pp — W + 1-jet,
e p— e + 1l-jet, pp —dijets, ...

e exclusive hard scattering processes: vy — 79, v*p — v*)p/ (Deeply Virtual Compton), ...
e inclusive B-decays: B — Xy, B — X {v, B — X T~

e exclusive B-decays: B — D7, B — nliy, B— K*y, B — 7w, B— K*K, B — J/YK, ...
e Charmonium production: ete™ — J/ X, ...

e Jets in a Medium in heavy-ion collisions

Some of these examples combine SCET with other effective theories, such as HQET for the B-meson, or
NRQCD for the J/1).

Before we dig in, it is useful to stop and ask What makes SCET different from other EFT’s?
Put another way, what are some of the things that make it more complicated than more traditional EFTs?

Or another way, for the field theory afficionato, what are some of the interesting new techniques I can learn
by studying this EF'T? A brief list includes:

e We will integrate off-shell modes, but not entire degrees of freedom. (This is analogous to HQET
where low energy fluctuations of the heavy quark remain in the EFT.)

e Having multiple fields that are defined for the same particle
&, = collinear quark field, qs = soft quark field
which are required by power counting and to cleanly separate momentum scales.

e In traditional EFT we sum over operators with the same power counting and quantum numbers. In
SCET some of these sums are replaced by convolutions, Y, C;0; — [ dwC(w)O(w).

e ), the power counting parameter of SCET, is not related to the mass dimensions of fields

e Various Wilson Lines, which are path-ordered line integrals of gauge fields, P exp[ig [ dsn - A(ns)],
play an important role in SCET. Some appear from integrating out offshell modes, others from
dynamics in the EFT, and all are related to the interesting gauge symmetry structure of the effective
theory.

e There are 1/¢? divergences at 1-loop which require UV counterterms. This leads to explicit In(u)
dependence in anomalous dimensions related to the so-called cusp anomalous dimensions, and to
renormalization group equations whose solutions sum up infinite series of Sudakov double logarithms,

>k anlas n?(p/Q))*.

2.2 Light-Cone Coordinates

Before we get into concepts, which should decide on convenient coordinates. To motivate our choice,
consider the decay process B — D in the rest frame of the B meson. This decay occurs through the
exchange of a W boson mediating b — cud, along with a valence spectator quark that starts in the B and
ends up in the D meson. We are concerned here with the kinematics. Aligning the 7 with the —2 axis it
is easy to work out the pion’s four momentum for this two-body decay,

P = (2.310GeV, 0,0, —2.306 GeV) ~ Qn* (2.1)



2.2 Light-Cone Coordinates 2 INTRODUCTION TO SCET

where n#* = (1,0,0,—1) in a 0,1,2,3 basis for the four vector. Here n? = 0 is a light-like vector and
@ > Aqcp. This pion has large energy and has a four-momentum that is close to the light-cone. With a
slight abuse of language we will often say that the pion is moving in the direction n (even though we really
mean the direction specified by the 1,2, 3 components of n#*). The natural coordinates for particles whose
energy is much larger than their mass are light-cone coordinates.

We would like to be able to decompose any four vector p* using n* as a basis vector. But unlike
cartesian coordinates the component along n will not be n - p, since n? = 0. If we want to describe the
components (we do) then we will need another auxillary light-like vector 7. The vector n has a physical
interpretation, we want to describe particles moving in the n direction, whereas n is simply a devise we
introduce to have a simple notation for components.

Thus we start with light-cone basis vectors n and n which satisfy the properties
n? =0, n? =0, n-n=2, (2.2)

where the last equation is our normalization convention. A standard choice, and the one we will most often
use, is to simply take 7 in the opposite direction to n. So for example we might have

nt = (1,0,0,1), nt = (1,0,0,-1) (2.3)

Other choices for the auxillary vector work just as well, e.g. n* = (1,0,0,1) with a* = (3,2,2,1), and
later on this freedom in defining n will be codified in a reparameterization invariance symmetry. For now
we stick with the choice in Eq. (2.3).

It is now simple to represent standard 4-vectors in the light-cone basis
p=—-n-p+—n-p+p (2.4)

where the | components are orthogonal to both n and n. With the choice in Eq. (i P = (0,p',p?,0).
It is customary to represent a momentum in these coordinates by

pﬂ = (p+7p_>ﬁl_) (25)

where the last entry is two-dimensional, and the minkowski pi is the negative of the euclidean ﬁf (ie. in
our notation pi_ = —ﬁi) Here we have also defined

pr=py=n-p, p =p-=70-p. (2.6)

As indicated the upper or lower + indices mean the same thing.
Using the standard (+ — — —) metric, the four-momentum squared is
P =pp +pl =pp —pt. (2.7)
We can also decompose the metric in this basis

ntn?  nkn?
gt = 5 + 5 +gﬁu. (2-8)

Finally we can define an antisymmetric tensor in the L space by €/ = e#*n,ng/2.
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2.3 Momentum Regions: SCET I and SCET 11

Lets continue with our exploration of the B — D7 decay with the goal of identifying the relevant quark
and gluon degrees of freedom (d.o.f.) for designing an EFT to describe this process. We’ll then do the
same for a process with jets.

There are different ways of finding the relevant infrared degrees of freedom. We could characterize all
possible regions giving rise to infrared singularities at any order in perturbation theory using techniques
like the Landau equations, and then determine the corresponding momentum regions. We could carry out
QCD loop calculations using a technique known as the method of regions, where the full result is obtained
by a sum of terms that enter from different momentum regions. Then by examining these regions we could
hypothesize that there should be corresponding EFT degrees of freedom for those regions that appear to
correspond to infrared modes that should be in the EFT. (Either of these approaches may be useful, but
note that when using them we must be careful that the degrees of freedom are appropriate to our true
physical situation, and do not contain artifacts related to our choice of perturbative infrared regulators
that are not present in the true nonperturbative QCD situation.) Instead, our approach in this section will
be based solely on physical insight of what the relevant d.o.f. are, from thinking through what is happening
in the hard scattering process we want to study. More mathematical checks that one has the right d.o.f.
are also desirable, and we will talk about some examples of how to do this later on. This falls under the
ruberic of not fully trusting a physics argument without the math that backs it up, and visa versa.

For B — D in the rest frame of the B, the constituents of the B meson are the nearly static heavy
b quark, and the soft quarks and gluons with momenta ~ Aqcp, ie. just the standard degrees of freedom
of HQET. Since |pp| = 2.31GeV ~ mp = 1.87GeV the constituents of the D meson are also soft and
described by HQET. The pion on the other hand is highly boosted. We can derive the momentum scaling
of the pion constituents by starting with the (+, —, L) scaling of

" ~ (Aqcp, Aqep, Aqep) for constituents in the pion rest frame,

and then by boosting along —2 by an amount x = Q/Aqcp. The boost is very simple with light cone
coordinates, taking p~ — kp~ and pt — pT /k. Thus

P~ (A%D /@ Aqen) (2.9)

for the energetic pions constituents in the B rest frame. This scaling describes the typical momenta of the
quarks and gluons that bind into the pion moving with large momentum py = (0, Q,0) + O(m2/Q), as in

The important fact about Eq. (2.9)) is that
p. > pe > pl (2.10)

Whenever the components of p£ obey this hierarchy we say it has a collinear scaling. Its convenient to
describe this collinear scaling with a dimensionless parameter by writing

P~ QA1) (2.11)
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Figure 1: SCETy example. Relevant degrees of freedom for B — D7 with an energetic pion in the B rest
frame.

where A < 1 is a small parameter. This result is generic. For our B — D7 example we have A\ = Aqcp/ QD
This A will be the power counting parameter of SCET. With this notation we can also say how the soft
momenta of constituents in the B and D meson scale,

ph o~ QA A N). (2.12)

Thus we see that we need both soft and collinear degrees of freedom for the B — D7 decay.

It is convenient to represent the degrees of freedom with a picture, as in Fig. [I] This picture has some
interesting features. Unlike simpler effective theories SCET requires at least two variables to describe
the d.o.f. The choice of p~ and p™ as the axis here suffices since the L-momentum satisfies pi ~ ptp~
and hence does not provide additional information. The hyperbolas in the figures are lines of constant
p?> = pTp~. The labelled spots indicate the relevant momentum regions. We have included a hyperbola
and a spot for the hard region where p?> ~ Q2, but these are the modes that are actually integrated out
when constructing SCET. (For B — D they are fluctuations of order the heavy quark masses.) On the
p? ~ A(QQCD hyperbola in Fig. [1| we have two types of nonperturbative modes, collinear modes ¢, for the
pion constituents, and soft modes s for the B and D meson constituents. Since these modes live at the
same typical invariant mass p? we need another variable, namely p~ /p*, to distinguish them. This variable
is related to the rapidity, Y, since ¥ = p~/p*. Put another way, we need both of the variables p* and
p~ to define the modes for the EFT.

The example in Fig. [1| is what is known as an SCETy; type theory. Its defining characteristic is that
the soft and collinear modes in the theory have the same scaling for p?, they live on the same hyperbola.
This type of theory turns out to be appropriate for a wide variety of different processes and hence we give
it the generic name SCETy;. Essentially this version of SCET is the appropriate one for hard processes
which produce energetic identified hadrons, what we earlier called exclusive hard scattering and exclusive
B-decays.

!Please do not be confused into thinking that you need to assign a precise definition to A. It is only used as a scaling
parameter to decide what operators we keep and what terms we drop in the effective field theory, so any definition which is
equivalent by scaling is equally good. In the end any predictions we make for observables do not depend on the numerical
value of A. The only time we need a number for A is when making a numerical estimate for the size of the terms that are
higher order in the power expansion which we’ve dropped.

10
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When looking at Fig. [I] we should interpret the collinear degrees of freedom as living mostly in a region
about the ¢, spot and the soft degrees of freedom as living mostly in a region about the s spot. An obvious
question is what determines the boundary between these degrees of freedom. In a Wilsonian EFT the
answer would be easy, there would be hard cutoffs that carve out the regions defined by these modes. But
hard cutoffs break symmetries. For SCET the cutoffs must be “softer regulators” so as to not to break
symmetries like Lorentz invariance and gauge invariance. Dimensional regularization is one regulator that
can be used for this purpose. If we were only trying to distinguish modes with the invariant mass p? then
the dim.reg. scale parameter p would suffice for the cutoff between UV and IR modes, and we would be set
to go. But in SCET we also need to distinguish modes in another dimension, p does not suffice to separate
or distinguish the s and ¢, modes of Fig. We will see how to do this later on without spoiling any
symmetries. In general it will require a combination of subtractions that localize the modes in the regions
shown in the figure, as well as additional cutoff parameters. The bottom line is that the physical picture
in Fig. [1| for where the modes live is the correct one to think about for the purpose of power counting. But
when integrating over loop momenta in a virtual diagram involving one of these modes we integrate over
all values with a soft regulator to avoid breaking symmetries.

Lets consider a second example involving QCD jets. Jets are collimated sprays of hadrons produced
by the showering process of an energetic quark or gluon as it undergoes multiple splittings. The splitting
is enhanced in the forward direction by the presence of collinear singularities. The simplest process is
ete™ — dijets, which at lowest order is the process ete™ — v* — q¢ with each of the light quarks ¢ and
g forming a jet. Let ¢* be the momentum of the v*, then in the center-of-momentum frame (CM frame)
g* = (Q,0,0,0) and sets the hard scale. If there are only two jets in the final state then by momentum
conservation they will be back-to-back along the horizontal 2 axis:

a 'b
I
I
I
P Y=
n 1 ,:'%A;‘* - - :§ n )

— = | —
n-collinear = | S—— n-collinear
jet : jet
ultrasoft particles

The z — y plane defines two hemispheres a and b, and we consider a process with one jet in each of them.
The energy in each hemisphere is (J/2 and is predominantly carried by the collimated particles in the jets.
To describe the degrees of freedom we need two collinear directions. We align n4’ with the direction of the
first jet and nfy with the second. (These directions can be defined by using a jet algorithm to determine
the particles inside a jet, or indirectly from the process of calculating a jet event shape like thrust.)

Lets first consider the energetic constituents of the ni-jet. Since these constituents are collimated they
have a |-momentum that is parametrically smaller than their large minus momentum, p; ~ A < p~ ~ Q.
In order that we have a jet of hadrons and not a single hadron or small number of hadrons we must have
A > Aqcp. Thus the jets constituents have (4, —, L) momenta with respect to the axes n; = (1, —2) and
n1 = (1, 2) that have a collinear scaling

i A? — 2
v~ (rea) = a1, (2.13)

As usual the scaling of the +-momentum is determined by noting that we are considering fluctuations
about p? = 0, so pt ~ pf_/p_. Here the power counting parameter is A = A/Q < 1. Note that the jet

11
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constituents have the same scaling as the constituents of a collinear pion, but carry larger offshellness p?.
If we make A so large that A ~ @) then we no longer have a dijet configuration, and if we make A so small
that A ~ Aqcp then the constituents will bind into one (or more) individual hadrons rather than the large
collection of hadrons that make up the jet. Another way to characterize the presence of the jet is through
the jet-mass m%, since a jet will have Q2 > m?, > AéCD. For our example here we can make use of the
a-hemisphere jet-mass,

2
m, = (Yoo) ~phn, ~ AT < Q% (2.14)
i€a
For the constituents of the ns-jet we simply repeat the discussion above, but with particles collimated
about the direction, ng = 11 = (1, 2). A choice that makes this simple is 7o = n; = (1, —2), since then we

can simply take the nj-jet analysis results with 4+ <» —. Using the same (+, —, L) components as for the
ni-jet we then have

AZ
= A
Q
Again a measurement of the b-hemisphere jet-mass can be used to ensure that there is only one jet in that
region jet-mass,

.~ (Q, ) = Q(1,72,)). (2.15)

2
m3, = (Doph) ~ e, ~ A% < Q. (2.16)
i€b

Finally in jet processes there are also soft homogeneous modes that account for soft hadrons that
appear between the collimated jet radiation (as well as within it). The precise momentum of these degrees
of freedom depends on the observable being studied, and the restrictions it imposes on this radiation. In
Te~ — dijets example we can consider measuring that m?]a and m?]b are both ~ A2, In this case the
homogeneous modes are “ultrasoft” with momentum scaling as

our e

A? A% A?
QTQ"Q
To derive this we consider the restrictions that m%a ~ A? imposes on the observed particles, noting in
particular that with a collinear and ultrasoft particle in the a-hemisphere we have

P~ ( ) = Q02020 (2.17)

(pn1 +pus)2 = pil + 2pn,  Pus + pzs ~ A%, (2~18)

The term 2p;,, - pus = Py, Pis plus higher order terms, so pf, ~ A?/p; ~ A?/Q, which is the ultrasoft
momentum scale given in Eq. (2.17). Any larger momentum for p, is forbidden by the hemisphere mass
measurement. The scaling of the other ultrasoft momentum components then follows from homogeneity.

If we draw the degrees of freedom, then for the double hemisphere mass distribution measurement
of eTe™ — dijets in the p™-p~ plane we find Fig. [2l Again we have labelled hard modes with momenta,
p? ~ Q? that are integrated out in constructing the EFT (here they correspond to virtual corrections at
the jet production scale). In the low energy effective theory we have two types of collinear modes ¢, and
ci, one for each jet, which live on the p? ~ A? hyperbola. Finally the ultrasoft modes live on a different
hyperbola with p? ~ A*/Q?. The collinear and ultrasoft modes all have p?> < Q?)\? and are degrees of
freedom in SCET, while modes with p? > Q?\? are integrated out. When we are in a situation like this
one, where the collinear and homogeneous modes live on hyperbolas with parametrically different scaling
for p?, then the resulting SCET is known as an SCET} type theory. Note that the ¢, and us modes have

12
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Py

0N’
p2= Q2
O\
ON|- pr= A?
Aqen [~ p2 = A4/Q2
| | | |

>
Aop O30 On  ON p+

Figure 2: SCET| example. Relevant degrees of freedom for dijet production ete™ — dijets with measured
hemisphere invariant masses m%a and m%b.

pT momenta of the same size, whereas the c; and us modes have p~ momenta of the same size. The names
collinear and ultrasoft denote the fact that these modes live on different hyperbolasﬂ Once again these
degrees of freedom capture regions of momentum space, which are centered around the spots indicated and
each of them extend into the infrared.

It is important to note in this dijet example that A*/Q? > A(QQCD, so in general the nonperturbative
ultrasoft modes can live on an even smaller hyperbola p? ~ A?QCD than the perturbative contributions from
ultrasoft modes that have p? ~ A*/Q?. An additional p? ~ AQQCD hyperbola is shown in green in Fig.
If A*/Q?% ~ AQQCD then the yellow and green hyperbolas are not distinguishable by power counting, and
hence are equivalent. If on the other hand we are in a situation where A*/Q? > A?QCD then when we
setup the SCET] theory both the perturbative ultrasoft modes with p? ~ A*/@Q? and the nonperturbative
ultrasoft modes with p? ~ AéCD will be part of our single ultrasoft degree of freedom. This is convenient
because we can first formulate the A/Q < 1 expansion with the ¢,, ¢; and us d.o.f., and only later worry
about making another expansion in QAqcp/A? < 1 to separate the two types of ultrasoft modes that
would live on the yellow and green hyperbolas.

If we compare Fig. [I|and Fig. [2] we see that it is the relative behaviour of the collinear and soft/ultrasoft
modes that determine whether we are in an SCETy or SCETy; type situation. (There are also SCETy;
examples which involve jets with 1 measurements rather than jet masses, and we will meet these later on
in Section and ) Much of our discussion will be devoted to studying these two examples of SCET,
since they are already quire rich and cover a wide variety of processes. In general however one should
be aware that a more complicated process or set of measurements may well require a more sophisticated
pattern of degrees of freedom. For example, we could have soft or collinear modes on more than one
hyperbola, or might require modes with a new type of scaling. Indeed, this is not even uncommon, the
collider physics example of pp — dijets in the CM frame requires both SCETy; type collinear modes for the
incoming protons, and SCET} type collinear modes for the jets. Nevertheless, after having studied both
SCET] and SCETy; we will see that often these more complicated processes do not really require additional
formalism, but rather simply require careful use of the tools we have already developed in studying SCETy

2In certain situations in the literature to use the names hard-collinear and soft to denote the same thing, and we will find
occasion to explain why when discussing how SCET; can be used to construct SCET1;.
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Figure 3: Another SCET] example. Relevant degrees of freedom for B — X7 in the endpoint region.

and SCETq;.

A comment is also in order about the frame dependence of our degrees of freedom. In both of our
examples we found it convenient to discuss the degrees of freedom in a particular frame (the B rest frame,
or ete” CM frame). Typically there is a natural reference frame to think about the analysis of a process,
but of course the final result describing the dynamics of a process will actually not be frame dependent.
Thus it is natural to ask what the d.o.f. and corresponding momentum regions would look like in a different
frame. A simple example to discuss is a boost of the entire process along the Z axis. All the modes then slide
along their hyperbolas (since p? is unchanged). The important point is that the relative size of momenta of
different d.o.f. is unchanged by this procedure: the p* momenta of collinear and ultrasoft modes in SCET}
will be the same size even after the boost, and the p™ momentum of a soft particle will always be larger
than the p™ momentum of a collinear particle in SCETy;. In B — D7 such a boost can take us to the
pion rest frame, where its constituents are now soft, and the constituents of the B and D are now boosted.
Some components of the SCET analysis may look a bit different if we use different frames, but the final
EFT results for decay rates and cross sections will obey the expected overall boost relations. In general it
is only the relative scaling of the momenta of various degrees of freedom that enter into expansions and
the final physical result. The relative placement of the spots for our d.o.f. in SCET; and SCETY; is not
affected by the Z boost.

Before finishing our discussion of d.o.f. we consider one final example. For the purpose of studying
SCET} it is useful to have an example with one jet rather than two, so the d.o.f. become simply ¢, and us.
This can occurs for the process B — Xy or for B — X,ev. The underlying processes here are the flavor
changing neutral current proess b — sy or the semileptonic decay b — wev. For these inclusive decays
we sum over any collection of hadronic s tates X, or X, that can be produced from the s or u quark.
In the B rest frame, the total energy of the v or (ev) is E = (m% —m%)/(2mp) and ranges from 0 to
(m% —m3; )/(2mp) where mp, is the smallest appropriate hadron mass, either mj,;, = mz= or mq

for X or X, respectively. An interesting region to consider for the application of SCET is
Adep < myk < Q% =mj (2.19)

where the photon or (er) recoils against a jet of hadrons which are the constituents of X. For B — Xy
the picture is (double line being the b-quark, yellow lines are soft particles, and red lines are collinear
particles):

14
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mode fields pH momentum scaling physical objects

nj-collinear  &,,, Ay, (nj-p,nj-p,pij) ~ QA% 1, M) collinear virtual/real radiation
in jet or hadron in 7; direction

soft P, AY PP~ QA A A) soft virtual/real radiation

ultrasoft Yus, Alis Pt~ Q(A%, A2 0%)  ultrasoft virtual/real radiation

Glauber — Pt~ QA% AP, \) with a4+ b < 2 forward scattering potential

hard - p? > Q? hard scattering

Table 1: Infrared momentum regions and the corresponding quark and gluon fields in SCET (taken from
Ref. [?]). Here n? = (1,n5), Q is the scale of the hard interaction, and A < 1 is a dimensionless power
counting parameter.

Here the jet mass is also the mass of the hadronic final state, and the situation which dominates the
phenomenology has mg(- ~ QAqcp. We have collinear modes for the jet, and ultrasoft modes with P2y~
AéCD which are the constituents of the B meson for this inclusive decay. Often the region where mgc < Q?
is known at the endpoint region since £ ~ mp/2 — Aqcp and hence is close to the physical endpoint
E = mp/2. (The case m% ~ Q? is then known as the local OPE region where the traditional HQET
operator product expansion analysis suffices.) The picture of the modes for this case are shown in Fig.
and indeed yield an example of an SCET theory with only one collinear mode.

3 Ingredients for SCET

Our objective in this section is to expand QCD and formulate collinear and ultrasoft degrees of freedom. In
doing so, we will derive power counting expressions for operators and see what form the quark Lagrangian
takes in a SCET theory.

3.1 Collinear Spinors

We begin our exploration by considering the expansion in the collinear limit of Dirac spinors u(p) for
particles and v(p) for antiparticles. The relevant collinear spinors are obtained by considering the expansion
in momentum components, but the final result decomposes each QCD spinor into just two types of terms
rather than an infinite expansion.

It is useful to consider spinors of definite chirality

) =), ) = S ). (3.1)

Adopting the Dirac representation

0 __ 1 0 i 0 0'7: o 0 1




3.1 Collinear Spinors 3 INGREDIENTS FOR SCET
a convenient set of solutions for the full Dirac equations pu(p) = 0 and pv(p) = 0 are then

\/EQS pte"ip

+elPp — -

R e B R ) By 2 )
p+ei¢p \/F

u

where here

14 ;.2
. p-Eip
pi = po + p3 ) eXp(iZ¢p) Y sl (3.4)
p'p

and the onshell condition sets p? = p*p~ — (p')? — (p?)? = 0. With this convention, which is also a common
one in the spinor-helicity literature [14], the spinors for particles and antiparticles with opposite chirality
are related.

For a collinear momentum p* = (p°, p!, p?,p?) we have p~ > p'2 >> p* so keeping the leading order
term simply amounts to dropping the /pt terms in Eq. (3.3, which gives

— 37 /%
P o°U
Uy =vf = 2( e ) (3.5)

where U™ = ( (1] ) and U~ = ( (1) ) From this analysis we see that in the collinear limit both quark and

antiquarks remain as relevant degrees of freedom (and indeed, there is no suppression for pair creation
from splitting). We also see that both spin components remain in each of the spinors. The same result
can be obtained by applying a projection operator. Recalling our default definitions of n* = (1,0,0, 1) and
n* = (1,0,0,—1), we can calculate their contractions with the gamma matrix,

1 —03 1 o
7i=’70—73=<03 1 ) 77i=70+73:<_03 _]1>- (3.6)
We can then define the projection operators

(3D) aete(B ) e

which satisfy P2 = P,, P? = P,. From {y*,7"} = 2g"” we also have the completeness relation

Pn+P:7T+7Z/‘:1. (3.8)

Note that only the explicit matrix formulas depend on the explicit choice for n and 7, whereas formulas
like Eq. (3.8)) only use n? = 72 = 0 and n-7n = 2. The results for the collinear spinors in Eq. (3.5)) can now
be obtained as a projection from the full theory spinors using the projector P, as

Put(p) = ul, Pyt (p) = v, (3.9)

n n

The other projector, P; projects out precisely the small spinor components proportional to 1/pT in
Eq. (3.3). Therefore the expansion of the full theory spinor u* contains just two terms, a large term
from P,u* and a smaller term from Pu*.
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3.1 Collinear Spinors 3 INGREDIENTS FOR SCET
Since P2 = P, we also have projection relations for the collinear spinors alone

Pyu, = ﬁ;fiun = Un, P, = ﬁfivn = Up. (3.10)
Finally, noting that 7P, = 0 since 1/L2 = n? = 0 we have the following relations
u, =0, Mo, = 0. (3.11)

These can be recognized as the leading term in the equations of motion pu(p) = pv(p) = 0 when expanded
in the collinear limit. The bottom line regarding the presence of collinear spinors is that when a hard
interaction produces a collinear fermion or antifermion it will be the components obeying the spin relations
in Egs. (3.11) and (3.10) that appear at leading order.

A useful set of projection operator identities can easily be derived from n? = 0, 72 - n = 2, and/or
hermitian conjugation y#t = ~0~#40:

PnPﬁzoa PnPn:Pn7 Pnﬁ:Pﬁ'¢:07 anﬁ’:%v Pﬁ%:%, PJ:’YOPﬁ'YO- (312)

None of these results depends on making the canonical back-to-back choice for 7. The last result is useful
for the computation of @, from u, = P,u, i.e.

Up=ul /" =u'PA0 =ap,. (3.13)
For example, we can use this result to sum over spins for the product of collinear spinors

Zu =P, u't'Pr =P, pP; =57 p. (3.14)

s==+

=

For later purposes it will be useful to decompose the QCD Dirac field v into a field &, that obeys these
same spin relations. We write v in terms of two fields,

where we defined

Vi% ok

b= Py = .

These fields satisfy the desired spin relatlons
%én:()a Pnénzfny frpn =0, Pron = ¢n (3.17)

The label n on én reminds us that it obeys these relations and that we will eventually be expanding about
the n-collinear direction. We also have the analog of Eq. (3.13))

€n=81"=v'P =9 Py (3.18)

o = Pap = —=1). (3.16)

Note that here we denote the collinear field components with a hat, as in fn( ), since there are
still further manipulations that are required before we arrive at our final SCET collinear field En(x).
Nevertheless both fn and §n satisfy these spinor relations. Thus just like the relations for fn or &, we have
the following relations for §n or &,

Euth =0, nPn =0, nPn =, M — £, (3.19)

In addition to our collinear decomposition of the Dirac spinors and field, we will also need spinors and
quark fields for the ultrasoft degrees of freedom. However, since all ultrasoft momenta are homogeneous of
order A2 and the scaling of momenta does not affect the corresponding components of the ultrasoft spinors,
which are the same as those in QCD.

17
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3.2 Collinear Fermion Propagator and ¢, Power Counting

Having considered the decomposition of spinors in the collinear limit, we now turn to the fermion propagator
in the collinear limit. Here p?> +i0 =7 -pn-p+ pi, and since both of these terms are ~ A? there is no
expansion of the denominator of the propagator. We can however expand the numerator by keeping only
the large n - p momentum, as

P e, 1 T (3.20)
p°+10 2 p=+i0 2n-p+%+i051gn(ﬁ-p)
The fermion-gluon coupling will be proportional to /2 and hence will form a projector P, when combined
with the 9/2 from the propagator. Therefore the displayed term in the propagator has overlap with our
spinors u, and v,, just giving P,u, = u, etc. The fact that both +¢0 and —i0 occur in the expanded
propagator is a reflection of the fact that the lowest order SCET Lagrangian will contains both propagating

particles (- p > 0) and propagating antiparticles (n - p < 0).
The leading collinear propagator displayed in Eq. (3.20)) should be obtained from a time-ordered product

of the effective theory field, (0|T€,(2)€,(0)]0). At this point we can already identify the X power counting
for the field &, by noting that if its propagator has the form in Eq. l) then its action must be of the
form

© _ [ 0 _ 4 o 202
L, /da:ﬁn /d:v &n 2[71 o+...] & A . (3.21)
O(A™%) O(re) O(A?) O(A%)

Here we used the fact that d*z = £ (da™)(dz™)(d?z ) ~ (A\°)(A=2)(A71)? ~ A~ where the scaling for the
coordinates x# follows from those for the collinear momenta by writing = - p. = x*p. + 2~ pf + 2z, - QDCL
and demanding that the terms in this sum are all O(1). In we assigned én ~ A% with the goal of
determining the value of a. To do this we take the standard approach of assigning a power counting to the

leading order kinetic term in the action so that L%O) ~ A%, which gives

~

En ~&n ~ A (3.22)

Even though we have not fully considered all the issues needed to define the SCET collinear field &,, the
further manipulations we will make in section [ below will not effect its power counting, so we have also
recorded here the fact that the SCET field £, ~ A. Note that this scaling dimension does not agree with
the collinear quark fields mass dimension since [§,] = [¢€,] = 3/2. This is simply a reflection of the fact
that the SCET power counting for operators is not a power counting in mass dimensions. The observant
reader will notice that the A scaling of the collinear field is the same as its twist, and indeed the SCET
power counting reduces to a (dynamic) twist expansion when the latter exists.

3.3 Power Counting for Collinear Gluons and Ultrasoft Fields

Similar to our procedure for the collinear fermion field, we can analyze the collinear gluon field A% in our n-
collinear basis to determine the A scaling of its components. This information is necessary to formulate the
importance of operators in SCET. We begin by writing the full theory covariant gauge gluon propagator,
but we label the fields as A}, (z) to denote the fact that we will be considering a n-collinear momenta:

ik-x v i v kr kY i v v
/d4xe BT (0] TAR () A%(0) |0) = 2 (g“ T2 > i (K*g" — 7 k'K ), (3.23)
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where 7 is our covariant gauge fixing parameter. From our standard power counting result from the light-
cone coordinate section, we know that k? = kyk_ +k? = Q2)\2. So the 1/k* on the RHS matches up with
the scaling of the collinear integration measure

4 —4 1

d*z ~ A7 ~ (272 (3.24)
Thus the quantity in the final parentheses in must be the same order as the product of A} (x)AY(0)
fields. If both of the uv indices are L then both of the terms in these parantheses are ~ A%, so therefore
we must have A7~ X If one index is + and the other — then again both terms are the same size and
we find A A~ ~ A2, To break the degeneracy we take both indices to be +, then g™+ =0, (n- k)% ~ A4,
so AT ~ A% and A, ~ A°. Other combinations also lead to this result, namely that the components of the
collinear gluon field scales in the same way as the components of the collinear momentum

Al ~ R~ (N21,0). (3.25)

This result is not so surprising considering that if we are going to formulate a collinear covariant derivative
D = 0F 4 ig A" with collinear momenta 0* and gauge fields, then for each component both terms must
have the same A scaling. Indeed imposing this property of the covariant derivative is another way to derive
Eq. .

The same logic can be used to derive the power counting for ultrasoft quark and gluon fields. Since
the momentum kfjs ~ (A2, A2, A\?) the measure on ultrasoft fields scales as d*x ~ A™8. Also the result is
now uniform for the components of A%s. Once again we find that the gluon field scales like its momentum.
For the ultrasoft quark we have the Lagrangian £ = zﬂusilﬁuszﬂus with iDLy = i0* + gAls ~ \?. Therefore
Yusthus ~ A0, All together we have

Al ~ (A,0%,0%), Yus ~ A (3.26)
For a heavy quark field that is ultrasoft the Lagrangian is LuqrT = l_zgsiv - Dyshi® which is again linear in
the derivative, so A% ~ A3 as well.

For completeness we also remark that the power counting for momenta determines the power counting
for states. For one-particle states of collinear particles (with a standard relativistic normalization):

®'lp) = 20" (5 —p") = p d(p~ — p" )2 (- — ') ~ A2 (3.27)

Thus the single particle collinear state has |p) ~ A~! for both quarks and gluons. Given the scaling of
the collinear quark and gluon fields, this implies power counting results for the polarization objects. The
collinear spinors u, ~ &,|p) ~ A which is consistent with our earlier Eq. . For the physical L
components of polarization vectors for collinear gluons we also find e‘i ~ A,

Of particular importance in the result in Eq.(3.25)) is the fact that @ - A, = A, ~ A\° indicating that
there is no A supression to adding A, fields in SCET operators. To understand the relevance of this result
we consider in the next section an example of matching for an external current from QCD onto SCET.

3.4 Collinear Wilson Line, a first look

To see what impact there is to having a set of gauge fields 72 - A,, ~ A\ lets consider as an example the
process b — uev, where the b quark is heavy and decays to an energetic collinear v quark. This process
has the advantage of only invoving a single collinear direction. This decay has the following weak current
with QCD fields

Jocp =ulb (3.28)
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Figure 4: Tree level graphs for matching the heavy-to-light current. (Swap ¢, — qx.)

where I' = v#(1 — +®). Without gluons we can match this QCD current onto a leading order current in
SCET by considering the heavy b field to be the HQET field h, and the lighter u field by the SCET field

&n. This is shown in Fig. 4] part (a), where we use a dashed line for collinear quarks. The resulting SCET
operator is

Eplhy. (3.29)

Next we consider the case where an extra A, gluon is attached to the heavy quark. This process is
shown in Fig part (b) and leads to an offshell propagator, shown by the pink line, that must be integrated

out when constructing the EFT. The full theory amplitude for this process is (replacing external spinors
and polarization vectors by SCET fields):

pag piFtm)  a ot ay g p e ) o,
An” &l k2 —m3? T g( 2 " A”>€”F 2myv - q + ¢2 T b
_ 1 L -
= —gn-AYE,T [mb( SR i q+..lTA7/th
mpv -nn-q 2
i .
= —gn- A} E,T [2( ¢)_+U n+...]TAh@
v-nn-q
_z (M)Fhv (3.30)
n ﬁ'q

In the first equality we have used the fact that the incoming b quark carries momentum mpv*, that
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k = mpv + ¢ so that k? — mg = 2myv - ¢ + ¢2, and that

nt nH "
S—— M~ ~
O(A0) O\ o)

where we can keep only the ~ A? term. In the second equality in Eq. we have expanded the numerator
and denominator of the propagator in A and kept only the lowest order terms. Since myv -n# - q ~ Q*\°
we see that the propagator is offshell by an amount of ~ @2, and hence is a hard propagator that we must
integrate out when constructing the corresponding SCET operator. In the third equality we use 7/L2 =0
and pushed the 7 through to the left. Noting that (1 —%)h, = 0, the fourth equality gives the final leading
order result from this calculation. Thus we we see that in SCET integrating out offshell hard propagators
that are induced by n - A, gluons leads to an operator for the leading order current with one collinear
gluon coming out of the vertex, pictured on the RHS of Fig. |4 part (b).

Inspecting the final result in Eq. we see that, in addition to being a great simplification of the
original QCD amplitude for this gluon attachments, it is indeed of the same order in A\ as the result in
Eq. (3:29). Indeed it straightforward to prove that the same (—gn - A,/n - q) result will be obtained if
we replace the heavy quark by a particle that is not n-collinear, such as a collinear quark in a different
direction n’ where n-n’ > A?. The sum of collinear momenta in the n and n’ directions will also be offshell,
for example when we add two back-to-back collinear momenta (p, + pr)? ~ A°. In all these situations we
find operators with additional 7 - 4,, ~ A% fields.

In summary, the off-shell quark has been integrated out and its effects have been parameterized by an
effective operator. This was necessary because the virtual quark resulting from the interaction of a heavy
quark or a n/ collinear particle with a n-collinear gluon yields an off-shell momentum.

This result can be contrasted with what happens if we attach a single n - A,, collinear gluon field to the
light collinear u quark, as shown below:

k k
# ——)—->—3-

q"

()
> ®

q

Calling the final v quarks momentum p we have k¥ = p* — ¢*. However here since both p and ¢ are
n-collinear the propagator momentum k* also has n-collinear scaling. In particular k2 ~ A2 and is not
offshell, it instead represents a propagating mode within the effective theory. Thus this interaction is
reproduced in SCET by a collinear propagator followed by a leading order Feynman rule that couples the
n- Ay, field to the collinear quark. Thus this diagram corresponds to a time ordered product of the leading
order SCET current J(©) with the leading order Lagrangian 57(10). If we attach more collinear gluons to the
light v quark, the same remains true. We never get an offshell propagator that we have to integrate out
when we have an interaction between n-collinear particles. Indeed we will also find that the components
n- A, and A,# couple at leading order in T-products like the one shown above, so there is nothing special
about the 7 - A, components for these diagrams.

—
99099999%]

Lets now consider the situation of multiple gluon emission from the heavy quark. In this case we again
have offshell propagators, which are represented by the pink line in Fig. |4 part (c¢). By inspection, it is
clear that the generalization from one gluon emission to k& gluon emissions with momenta ¢y, ..., ¢ and
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4 SCET LAGRANGIAN
propagators with momenta g1, q; + go, ..., Zle ¢; is reproduced by the field theory operator

gn Z (_g)k ( n-Algy)--n-Alq) . ]> Thy (3.32)

K \m-qalln (g +g)] - [R- X, a

perm

Here the sum of permutations (perms) of the {qi,...,qx} momenta accounts for the fact that we must
consider diagrams with crossed gluon lines on the LHS of Fig. 4| part (c). We also include the factor of k!
as a symmetry factor to account for the fact that all £ gluon fields are localized and identical and may be
contracted with any external gluon state. Finally, by summing over the number of possible gluon emissions,
we can write the complete tree level matching of the QCD current to the SCET current,

Jscer = E,Wal hy (3.33)

where

—a)k n - - 1
Wo=3"%" ( kg!) ( An(qx) An(q1) ) . (3.34)

k perm [ﬁ ' qﬂ[ﬁ : (ql + QQ)] o [T_L : Zf:l Qi]

Here W, is the momentum space version of a Wilson line built from collinear A,, gluon fields. In position
space the corresponding Wilson line is

W (0, —o0) = Pexp <ig /_ (; dsi An(ﬁs)> (3.35)

Here P is the path ordering operator which is required for nonabelian fields and which puts fields with
larger arguments to the left e.g. - A, (ns) i - Ay(ns') for s > §'.

In summary, we see that we have traded the field 7 - A,, for the Wilson line Wy, [ - 4,]. Also, including
this Wilson line in our current operator makes our current gauge invariant, as we will show below in the
Gauge Symmetry section. For a situation with n and n’ collinear fields the same type of Wilson lines
Wi - A,] are also generated in a manner that yields gauge invariant operators for each collinear sector.

4 SCET Lagrangian

In this section, we derive the SCET quark Lagrangian by analyzing and separating the collinear and usoft
gluons, and momentum degrees of freedom. On the way to our final result we introduce the label operator
which provide a simple method to separate large (label) momenta from small (residual) momenta.

4.1 SCET; Quark Lagrangian

Lets construct the leading order SCET; collinear quark Lagrangian. This desired properties that this
Lagrangian must satisfy include

e Yielding the proper spin structure of the collinear propagator
e Contain both collinear quarks and collinear antiquarks
e Have interactions with both collinear gluons and ultrasoft gluons

e Yield the correct LO propagator for different situations without requiring additional expansions
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4.1 SCETy Quark Lagrangian 4 SCET LAGRANGIAN
e Should be setup so we do not have to revisit the LO result when formulating power corrections

To explain what is meant by the fourth point consider the propagator obtained when a collinear quark
interacts with a collinear gluon

p+q p
@y n(p+a)
x — T
\ n-(ptan-(p+q)+ (pL+qu)*+i0
Here both the momentum p and ¢ appear on equal footing, and no momenta are dropped in the denomi-

nator. This can be contrasted with the leading propagator obtained when a collinear quark interacts with
an ultrasoft gluon

p+k p

®-->-o—>-

n-p
a XX .
k\‘%‘ n-(p+k)n-p+p? +i0
5

Here the ultrasoft k#* momentum is dropped for all components except n - k where it is the same size as
the collinear momentum n - p. The dropping of k) < p; and n - k < 7 - p corresponds to carrying out a
multipole expansion for the interaction of the ultrasoft gluon with the collinear quark. The LO collinear
quark propagator must be smart enough to give the correct leading order result without further expansions,
irrespective of whether it later emits a collinear gluon or ultrasoft gluon.

We will achieve the desired collinear Lagrangian in several steps.

Step 1: Lagrangian for the larger spinor components

In this section we construct a Lagrangian for the field én It will satisfy the first two requirements in
our bullet list.

We begin with the standard QCD lagrangian for massless quarks.
Loop = Yilpy (4.1)

Expanding 1 and D in our collinear basis gives us

L= (3, +E&) <Zin~D+giﬁ-D+z’IDL> (on +€n) . (4.2)

We can simplify this result by using the projection matrix identities for the collinear spinor found in
section In particular, various terms vanish such as

%m.pénzo, gon?in-Dzo (4.3)
by virtue of the analog of (3.19) for ;. Lastly, terms like
gni lDLén = énz lDLPnén = énPnZ ]DLén =0, Pl ﬁLSDn =0, (4'4)

since &, P, = 0 and @5 Py = 0. These simiplifications leave us with the Lagrangian

~

L= gn% in - Dén +¢ﬁimL én +gn ilDLQOﬁ +¢ﬁ% imn - D‘Pﬁ . (4'5)
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4.1 SCETy Quark Lagrangian 4 SCET LAGRANGIAN

So far this is just QCD written in terms of the fn and o fields. However, the field (5 corresponds to the
spinor components which were subleading in the collinear limit. These spinor components will not show
up in operators that mediate hard interactions at leading order. Therefore we will not need to consider a
source term for ¢z in the path integralE] This means that we can simply perform the quadratic fermionic
path integral over p5. At tree level doing so is simply equivalent to imposing the full equation of motion
for . We find

— 2L LDyt i& =0 (4.6)

0=—":
5§0ﬁ 2

in - Do + ?uz)gn =0
7

1 -
Pr = m@ﬁ 15 &n s
where the second line is obtained by multiplying the first by /2 on the left, and the plus sign in the last
line comes from using #ilp) | = —ilp | . Plugging this result back into our Lagrangian, two terms cancel,

and the other two terms give the Lagrangian for the &, field

= 1 % ~
L= in-D+1i 7 =&n. 4.7
& (in-Drimu St piny) 56 (4.7
The inverse derivative operator may look a little funny, but we can understand it in the same way we do for
the operator 1/7 in quantum mechanics, namely by defining it through its eigenvalues, which in this case
are in momentum space. Say we have the operator % acting on a field ¢(x). Expressing this operation
in momentum space gives

ml 50(@) = : / d*pe” " p(p) = / d4pe""”ﬁl.pso(p), (4.8)

in -0

and the eigenvalues 1/7 - p define the inverse derivative operator.

Although we have a Lagrangian for én we are not yet done. In particular we have not yet separated
the collinear and ultrasoft gauge fields, nor the corresponding momentum components. These remaining
steps will be to

2. Separate the collinear and ultrasoft gauge fields.

3. Separate the collinear and usoft momentum components with a multipole expansion.

We then can expand in the fields and momenta and keep the leading pieces.
Step 2: Separate collinear and ultrasoft gauge fields

Recall that A ~ (A2,1,)\) ~ ph and AL ~ (A2, A2,)\2?) ~ kls. Since k2, < p? the ultrasoft gluons
encode much longer wavelength fluctuations, so from the perspective of the collinear fields we can think of
Alls like a classical background field. In background field gauge we would write A* = Q" + A’} where Q"
is the quantum gauge field and Agl is the classical background field that only appears on external lines. In

general there is no need for a relationship between the full QCD gluon field A* and the SCET fields Al
and A}, but if one exists then it does make matching computations much simpler. Based on the analogy

3At subleading order the coupling to the subleading components is introduced in operators via the combination involving
&, shown in the last line of Eq. l} so there is still no reason to have a source term for .
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4.1 SCETy Quark Lagrangian 4 SCET LAGRANGIAN

with a background gauge field you might not be too surprised to learn that a relation exists which encodes
basic tree level matching

AP = AR AR 4 (4.9)

Here the ellipsis stand for additional terms involving Wilson lines which only will become relevant when
we formulate power corrections, and hence will be ignorded for our leading order analysis here (they are
given below in Eq.()). The interpretation of Al as a background field to &, and A} will also prove useful
when we derive the collinear gluon lagrangian and when we later consider gauge transformations in the
theory.

Now, comparing the power counting between components of Al and AL, we find

- Ap ~ AV > Ays ~ N2 (4.10)
Iz I 2
AJ_n ~A> AJ_us ~ A
n-A, ~ AN ~n- Ay
So we see that A’j_ us and 7 - Ay can be droped from our leading order analysis because in the combination

Al + Als they are always dominated by the collinear gluon term. Conversely, n - A,s cannot be dropped
because it is of the same order as n - A,,.

Step 3: The Multipole Expansion for Separating momenta

We want to find a way to isolate momenta that have different scaling with A\. Such a procedure is useful
because it will allow us to formulate power corrections in a manner where operators give homogeneous
contributions in A order by order. For example, consider the denominator of the propagator of a quark
with momentum p, + ks expanded to keep the leading and first subleading terms

1 1
(P + kus)? (P + kus) (0 + Eus) + (D3 + kiL,)2
1 2k1JL_s'prJL_

= — SR 4.
pn (P + kis) +0E2 (o (ph + kils) + pi 22

(4.11)

By power counting, we see that the first term scales as A™2 and the second term scales as A~!. Although
the first term dominates the second, we need to be able to reproduce the second term at the level of the
Lagrangian when higher order corrections are needed. Expressed more formally, we would like a systematic
multipole expansion. Our desired expansion is similar to the one found in E&M which gives corrections
to the electrostatic potential for a given charge distribution.

In position space the multipole expansion corresponds to expanding the long wavelength field, A,s(z) =
Aus(0) + - i0Aus(0) + . ... To see what is going on here we can Fourier transform the operators (taking
one-dimensional fields and ignoring indices for simplicity)

/ da () Aus (0)() = / dz / dpy dpy dk & *e= O T2 (py) A (K)o (p2)

= /dpl dpy dk 5(p1 — p2) ¥(p1) Aus (k) (p2)- (4.12)
We see immediately that this corresponds to a 3-point Feynman rule where the small momentum £ is

ignored relative to the large momenta p; and po, and that total momentum is not conserved at the vertex.
For the next order term we get

/dﬂ? Y(2)z(i0Ays) (0)Y(z) = /dpl dpa dk &' (p1 — pa) k ¥ (p1) Aus (k)Y (p2). (4.13)
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4.1 SCETy Quark Lagrangian 4 SCET LAGRANGIAN

Figure 5: Grid to picture the separation of momenta into label and residual components.

Here the Feynman rule involves a kd’(p1 — p2) and we must integrate by parts to obtain the multipole
momentum conservation expressed by d(p; — p2). This integration by parts differentiates other parts of a
diagram that carry this momentum, in particular the neighbouring propagators, which then would produce
terms like the 2nd term in Eq. .

Since Feynman diagrams are almost always evaluated in momentum space it would be more convenient
to have a multipole expansion formalism that avoids the step of going through position space. In the
remainder of this section we will set up a formalism to achieve this. It will allow us to 1) simply derive
the corresponding momentum space Feynman rules, 2) simplify the formulation of gauge transformations
in the effective theory, and 3) incorporate the multipole expansion into propagators rather than vertices.

For the moment we only consider the quark part of the field én(:c) We will add the anti-quark part
later on. Computing the Fourier transform &, (p) of the quark part of our field we have

&nlp) = / d'z e & (). (4.14)

Now to separate momentum scales, we define our momentum p* to be a sum of a large momentum
components pﬁ called the label momentum and a small momentum p! called the residual momentum.

P =} + (4.15)
Py~ Q0,1,))
P~ QA% N2 N?)

This decomposition is similar to the one found in HQET where the quark momentum is p* = mv* + k.
Although at the end of the day all momenta will be continuous, it turns out that it is quite convenient
for understanding the multipole expansion to interpret the p, as defining a grid of points, and the p, as
defining locations in the surrounding boxes. This expansion is only necessary for the p~ and p momenta
since there are no label p™ momenta, so we have a grid as shown in Fig. [5| (for convenience we show
only one of the p‘i components). Note that any momentum p* has a unique decomposition in terms of
label and residual components. Since py > p, the spacing between grid points is always much larger than
the spacing between points in a box. This setup has the advantage of allowing us to cleaning separate
momentum scales in integrands, arranging things so every loop integrand is homogeneous in A.
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4.1 SCETy Quark Lagrangian 4 SCET LAGRANGIAN

In practice the grid picture is a bit misleading, since actually the boxes are infinite and with momentum
components (pg, pr) we are really dealing with a product of continuous spaces R? x R*/Z where Z are a
group of relations that remove redundancy order by order in A. (Z includes the set of RPI transformations
that we will discuss later on.) Nevertheless it is very convenient to derive the rules for integrals on the
label-residual space by working with a more familiar discrete label and continuous residual momentum
picture, and then taking the continuum limit.

Thus if we are integrating the collinear momentum p over a certain region, we will write

/ d'p > / d*p, (4.16)

Pe#0

where we do not include py; = 0 in the sum over all p; values, because p; = 0 does not define a collinear
momentum. Indeed the py = 0 bin corresponds to the ultrasoft modes. For an ultrasoft momentum p we

simply have
/d4p—> /d4pT. (4.17)

With this momentum separation we can also label our fields by both components

En(p) = &n,pe(pr) - (4.18)

We also have separate conservation laws for label and residual momenta
/d4:n eilPema) gilpr=ar)e — 5 §4(p, — q,)(2m)". (4.19)

Every collinear field carries both label and residual momenta, they are both conserved at all vertices,
but Feynman rules may depend on only one or the other of these components. For example, what was
previously a nonconservation of momenta for an interaction between collinear and ultrasoft particles now
becomes two separate conservations of momenta.

(l%ypr) (Zbypr4-kUS)

_.)___a.___)_

9999

—
999

k’LLS

3
An example is shown in the figure above.

Finally, since all fields carry residual momenta the conservation law just corresponds to locality of the
field theory with respect to the Fourier transformed variable p, — x. Therefore we transform the residual
momenta back to position space to obtain our final collinear quark field

d! L
Enpe(T) = / (25)46 Pre &, e (Pr) - (4.20)

We will build operators using these fields. Altogether, the above steps allow us to rewrite our hatted
collinear field &, (x) as

3 _ d4p —ipx & _ d4pr —ipe-x —ipr-x &
&nl(z) = /(27r)4 e P (p) = MZ#)/(QW)4 e PeT o Ip fn,pe(pr)
=D e P p (). (4.21)

pi#0

We can identify several facts about label conservation for the field &, p,(x)
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4.1 SCETy Quark Lagrangian 4 SCET LAGRANGIAN
e Interactions with ultrasoft gluons or quarks leave the label momenta of collinear fields conserved.

e Interactions with collinear gluons or quarks will change label momenta.

e The label n for the collinear direction is preserved by both ultrasoft and collinear interactions. Only
a hard (external) interaction can couple fields with different collinear directions.

Now that we have separated momentum scales in our fields we would like to do the same with derivatives
that act on these fields. Since &, p,(x) contains only residual momenta, we know that

10u€n, pe (%) ~ A2, p, (). (4.22)
We also define a label momentum operator such that
PH&n,p, (%) = 14 &, py (%) (4.23)

Recall that P* and p} only contains the components P=n-P~ Dy ~ A\ and Pl ~ pj“ ~ A. Therefore
we have n-P = 0. Also

in-0<P, o <P (4.24)

The main advantage of the label operator is that it provides a definite power counting for derivatives. It
is also notationally friendly in that it removes the necessity of a label sum. We can see this by rewriting
our field &,(z) in terms of label momenta

Eule) = e, (2)
peF#0
= PN (@)
Pe#0
e~ PTe (). (4.25)

In the last line we defined &, (z) = Zpl 40 &n,p,- Since the label operator allows us to encode the phase
factor involving label momenta as an operator, we can suppress the momentum labels on our collinear
fields if there is no reason to make them explicit. For field products we have

én(x)én(x) = eirp.xgn(x)EN(m) (4.26)

where the label operator acts on both fields. Consequently, conservation of label momenta is simply
encoded by this phase factor and is manifest at the level of operators.

Lastly, we must deal with anti-particles and gluons. For the anti-particles, we expand our Dirac field
into two parts

P(x) = / d'p3(p*)0(p°) [u(p)a(p)e P + v(p)b (p)e™ ] (4.27)
=T (x) + 47 (x)

we then associate each part with a collinear field and expand as a sum over label momenta.

Pt — Ef(2) = Z e-Pergt (@), (4.28)
p1#0

YT () = ) €T (@),
PeF#0
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where both have a 6(p)) = 6(n - p;). Because of charge conjugation symmetry it is convenient to combine
the particle and anti-particle fields back into a single field. In order to do this we have to deal with the
opposite signs for their phase. To do this we define

npe (1) =&, (1) + &,y (@) (4.29)

where p; has either sign, but one picks out particles and one picks out antiparticles. Thus the action of
the fields &, p, and &, p, is that for

n-pe>0: a particle is destroyed or created

“pe <0 : an antiparticle is created or destroyed

3

The sign convention for the label momentum is easy to remember since it is in the same direction as the
fermion number flow. With this definition, we still define &,(2) = >_,, .o &np, (z) and write

bn(z) = 7706, (2), (4.30)

and all the manipulations we were making with particle fields carry through for the fields that have both
particles and antiparticles. For collinear gluons, we proceed analogously to find

Al =N e A = 7P AL (z) (4.31)
q¢#0
where
Ab(z)y= > Al . (4.32)
qe#0

Since the gluon field A% = AAT4 where Al (x) is real we also have

(AR ()] = AP (). (4.33)

n,qe n,—qe

Once again for g, > 0 the field A, 4, destroys a gluon, while for g, < 0 it creates a gluon.

With our conventions the action of the label operator on a bunch of labelled fields is

Pl Ol bpiGpa o) = O +0h + o —af —ah =) (Ol b)) (4.34)

Thus it gives a minus sign when acting on daggered fields. It is also useful to note that if we differentiate
an arbitrary collinear field ¢, (x) that it yields

i (z) = 10y Z e P, H(z)

p#0

= e PI(PH 4 i)y, p()
p#0
= e P (PH 4 i) by (). (4.35)

In the last line, we can suppress the exponent if we assume that label momenta are always conserved.
Effectively, by introducing the label operator we have replaced the ordinary derivative operation by

i () = (P* 4 i0") (). (4.36)
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Final Result: Expand and put pieces together

At last, we may construct our final leading order Lagrangian. We begin with the result in Eq. (4.7)).
By introducing label operators, we can expand the derivative in powers of A as

m-D=in-0+gn-A,+gn- Ays (4.37)
iD= (P} +gA}, )+ (i0] + gAY )+
VU
in-D=(P+gn-Ap)+(in-0+gn-Ays)+---
~\0 ~A2

where the ellipses again denote additional ~ A\? terms that can be dropped in our leading order analysis
(but later on we will see are required by gauge symmetry when considering power suppressed operators).
This allows us to write at leading power

=
iDF = il 4+ gA! + %gn-Aus

L
=iDH + 7gn-Aus

iDF, (4.38)

where the n-collinear derivative operator is
ot A
i = 73% + P! +in. 3% . (4.39)

For later convenience we also define a collinear derivative including the leading ultrasoft gauge field

A
01 = i 4 %gn Aus - (4.40)
Dropping the hat on the collinear quark fields and keeping only the lowest order terms, we have the

following quark Lagrangian

7

i = /. . 1 .
,Cibog) = e—lSE-P fn <7Jn . Dns + ’lmnj_ WZanJ_> 5 fn R (441)

Dropping the exponential factor that enforces label momentum conservation, we write the collinear quark
Lagrangian in its final form

7 1
£8) =& (in- Doy +iD, L—ily 1) ZL € l, (4.42)

Note the following interesting facts about this Lagrangian:

e Both terms with covariant derivatives in the (---) in Eg? are of order A% so the leading order La-

grangian is order A\* (recalling that the fields scale as &, ~ \). Since for a Lagrangian with collinear
fields [ d*z ~ A% this gives us an action that is ~ A? as desired. The superscript (0) on the
Lagrangian denotes this power counting for the action.

o All fields are defined at z, and derivatives for this coordinate scale as i0* ~ A2 so the action is
explicitly local at the scale Q2.
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e The action is also local at the scale of P! ~ QA since these derivatives occur in the numerator. It
only has non-locality at the hard scale through the inverse P ~ A?. The fact that there is locality
except at the hard scale is a key feature of SCET. Some attempts to tweak the formalism described
here, in order to simplify SCET, lead to actions that are non-local at the small scale ~ A\? because
they integrate out some onshell particles, while leaving other onshell particles to be described by an
action. We will avoid doing this, taking the attitude that low energy locality is a desired property
for the effective field theory.

e The collinear Lagrangian above can be written by (re)introducing an auxiliary field ¢,

0 —jz P = - —_ —_
[’gzg) =e WP 2 iDns B, =, = < &n ) , (4.43)
Pn
since integrating out ¢ exactly reproduces Eq.(4.42). In the absence of the ultrasoft gluon field the
covariant derivative D, is equal to the collinear derivative D,,, such that the Lagrangian is the same
as the full QCD Lagrangian, with the only difference being that a particular direction n has been
singled out. Thus, in situations where ultrasoft gluons don’t matter, and one only considers a single
direction n, the collinear Lagrangian can be replaced by the full QCD Lagrangian.
The computation of the propagator from ES? is also greatly simplified without the need for any additional
power counting. Specifically, Eq. (4.42)) gives the collinear quark propagator

% n-pe (4.44)

(7 pe)(n-pr) + (Per)? +i0
This gives the correct propagator in different situations without having to make further expansions. This
is important to ensure that the leading order Lagrangian strictly give O(\?) terms, while subleading La-

grangians (and operators) will be responsible for power corrections. For example, if we have an interaction
with an ultrasoft gluon then

(pé,pr) (pz ,pr+ku5)

=P ———>- .
E — npy
k. '\“:;\ 2 (-py) (n-pr+n-kus)+(pg1 )*+i0 7
us 19 (4.45)
while if we have an interaction with a collinear gluon then
(pz ,pr) (pé+%,p'r+%‘)
2 __ i (R-pg+7i-qp)
\% = 2 (ppriegp) (neprtnege) +(pps +qe ) 240
(Q,qr) '3 (4.46)

4.2 Wilson Line Identities

With the label operator formalism there are several neat identities that we can derive for Wilson lines. In
particular we can show that all occurences of the field 7 - A,, can always be entirely replaced by the Wilson
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line W,,. As an example we will show how this is done for the Lagrangian Eg?. In position space the
defining equations for a Wilson line are W (x,z) = 1 and its equation of motion, which we can transform

to momentum space

in - DyW(x,—00) =0 (position space)
|} Fourier Transform
in- DpWy, = (P +gn- Ay)W, =0. (4.47)

With this definition, the action of in - D,, on a product of W, and some arbitrary operator is

in - Dp(W,0) = (P + gn - Ap)W,,O
=[P+ gn- Ap,)W,]O + W, PO

=W, PO (4.48)
So we have the operator equation
in - D,W, = W,P (4.49)
and with W,J{Wn =1 we have
ifi - Dy = W,PW, P =Wlin- D,W,, (4.50)

as operator identities. Since by collinear gauge invariance we can always group f- A,, with P to give in- D,,,
the first identity implies that we can always swap 7 - A, for the Wilson line W,,. Inverting these results
also gives useful operator identities

1 1 1 1
=W, =W — =W W, 4.51
in-Dy P P "in - D, ( )
The first relation allows us to rewrite ES? as
© _ —iwP 7 (; : | — i
£8) = 7P &, (in - Doy +iDD, an%anmM) LY (4.52)

It is also useful to note that we can use the label operator to write a tidy expression for the Wilson line
which is built from fields that carry both label and residual momenta:

Wi(z) = [ 3 exp <%gn - An(x))} . (4.53)

perms

4.3 SCET] Collinear Gluon and Ultrasoft Lagrangians

To derive the collinear gluon Lagrangian, we treat usoft and collinear degrees of freedom separately by
letting Als represent a background field with respect to Af,. We begin with the gluon Lagrangian from
QCD:

L=— %Tr{G’“’GW} + 7Tr{(i0,A")?} +2 Te{€id,[iD*, ]} (4.54)

Gauge Kinetic Term Gauge Fixing Term Ghost Term
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where G = é[D“, DV]. Here we are using a notation with fundamental color matrices, G, = GA T4,

¢ = cAT4, etc., and recall that Tr(TATP) = Tré4P = §48 /2. Expanding the covariant derivative as we
did in the quark sector we keep only the leading order terms. For a covariant derivative acting on collinear
fields the leading order terms are

Ak
+%(in~8+gn-An+gn-Aus). (4.55)

Recall that the field A} varys much more slowly than A}, so we can think of Al as a background field
from the perspective of the collinear fields (even though it is a quantum field in its own right). The gauge
fixing and ghost terms for the collinear Lagrangian should break the collinear gauge symmetry, but we do
not want them to gauge fix the ultrasoft gluons, and hence they should be covariant with respect to the
Alys connection. Since by power counting only the n- A, gluon can appear along with the collinear gluons
A}, only this component is needed. Therefore we replace i0* — i0hs for all the ordinary derivatives in

Eq. (4.54) where

iDH* — D! ——(P—i—gn Ap) + (Pj‘_—l—gA’Ln)

nk
MQZ—W+P“—?m8+EﬂnAw (4.56)

The resulting leading order collinear gluon Lagrangian is then

£O = 2;2Tr{([zD¢fs,zD;’w])2} " TTr{([zans,A ) } n 2Tr{En[ iOsyns [IDL, ]]}_ (4.57)

For the Langrangian with only ultrasoft quarks and ultrasoft gluons, at lowest order we simply have
the QCD actions. Using a general covariant gauge for the ultrasoft gluon field we therefore can write

) = i tnes — 5 Te{ GG 4 s Te{ (10,487} + 2T s 0,1 Dllcns | (4.58)

where Dy = 10, + AM - All the terms in £ have a power counting of O(A8), but we subtract 8 for the
ultrasoft measure d*x which is why we label the Lagrangian as (0). Note that the choice of gauge fixing
parameters 7 and T, for the collinear and ultrasoft gluons are independent, which is related to the fact
that there are independent gauge symmetries that define these connections.

All together this allows us to write down the full leading order SCET| Lagrangian with a single set of
quark and gluon collinear modes in the n direction, and quark and gluon ultrasoft modes,

£O =2 + 20+ (4.59)

4.4 Feynman Rules for Collinear Quarks and Gluons

For convenience we summarize some of the Feynman rules that follow from the collinear quark and gluon
Lagrangians. We do not show the purely ultrasoft interactions which are identical to those of QCD, nor
do we show the purely collinear gluon interactions which are also identical to those of QCD.

The Feynman rules that follow from the leading order collinear quark Lagrangian are shown in Fig. [0]
where each collinear line carries momenta (p,p,) with label momenta p# = 7-p n#/2 + p/{ and residual
momentum p). Only one momentum p or p’ is indicated for lines where the Feynman rule depends only
on the label momentum. For the collinear quark propagator we have contributions from both quarks and
antiquarks which give:

it (1 p) i 6(=n-p) inh n-p
o> T = — (4.60)
n-pr+ 5o 410

2 — 2 .
nepy+ 2 —io 2 mepneprtpl 440

33



4.5 SCETy; Lagrangian 4 SCET LAGRANGIAN
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Figure 6: Order A° Feynman rules: collinear quark propagator with label p and residual momentum p,., and
collinear quark interactions with one soft gluon, one collinear gluon, and two collinear gluons respectively.

The Feynman rules between collinear gluons and ultrasoft gluons are shown in Fig. [ with a collinear gluon
in background field gauge that is ultrasoft covariant and specified by the parameter .

4.5 SCETy Lagrangian

Define i04 = %-in-0 + %-n-P + P} In SCETy the scaling of the collinear and soft fields is given by
P~ QLA N), Ps ~ QAN A), (4.61)
such that
P2~ p2 ~ Q2N (4.62)
However, the sum of a soft and collinear momentum scales as
Potps ~ QAN = (o +ps)? ~ QX (4.63)

Since this combined momentum is more off-shell than the degrees of freedom in SCETY;, there can be no
coupling between collinear and soft fields in SCET;. Thus, the two Lagrangians completely decouple.

The leading order collinear Lagrangian is the same as the collinear Lagrangian in SCETy, with the only
difference being that the coupling to the soft gluon is absent. This gives for the collinear quark Lagrangian

Eg? &n <zn D, + lanL ZEnL) 72 (4.64)
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Figure 7: Collinear gluon propagator with label momentum ¢ and residual momentum &, and the order \°
interactions of collinear gluons with the usoft gluon field. Here usoft gluons are springs, collinear gluons
are springs with a line, and 7 is the covariant gauge fixing parameter in Eq. (4.57).

while for the collinear gluon Lagrangian one finds

£O = ;gQTr{([iDnu, iD;])Q} n TTr{([ia;;, Aw])2} n 2Tr{6n [0 1, [iD, cn]] } _ (4.65)

The soft Lagrangian is identical to the ultrasoft Lagrangian

LO =i, — %Tr{Géwaw} + 7 Te{ (10,412} + 2Tr{e, i0,iDlc, | (4.66)

4.6 Rules for Combining Label and Residual Momenta in Amplitudes

In practical calculations the grid picture in Fig. [5|is not to be taken literally. Doing so would correspond to
using a Wilsonian EFT with finite cutoff’s (edges for the grid boxes) that distinguish the size of momenta.
Instead of this, we need to use a Continuum EFT picture where the EFT modes have propagators that
extend over all momenta, but integrands which obtain their key contribution from the momentum region
these modes are built to describe. The terms needed to correct the (otherwise incorrect) ultraviolet
contributions of the resulting Continuum EFT are included as perturbative Wilson coefficients for low
energy operators. The Wilsonian and Continuum versions of EFT are really two different pictures of
the same thing, in much the same way that two different renormalization schemes may represent the
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physics in different ways, but in the end still do encode the same physics. Nevertheless there are many
practical advantages to the Continuum EFT framework, and it makes setting up SCET much easier. In
particular it allows us to use regulators like dimensional regularization which naturally preserve spacetime
and gauge symmetries. To setup up SCET in this continuum framework we need to understand how the
redundancy Z in the label-residual momentum space R%~! x R?/Z (for the case with d-dimensions) is
resolved, given a pair of momenta components (pg,p,) € Rt x RY. The upshot is that in the simplest
cases the residual momentum can simply be dropped or absorbed into a label momentum in the same
direction (making it continuous), while in the most complicated cases the formalism leads to so-called 0-
bin subtractions for collinear integrands. These subtractions ensure that the collinear modes do not double
count an IR region that is already properly included from an ultrasoft integrand. For future convenience
we list the rules in this section, but caution the reader that some parts of this section are best understood
when read together with one of the one-loop examples from section [7} and also after having read the
discussion of the reparameterization invariance symmetry in section that describes the redundancy
(py) + () = ) + B*) + (pr — B*) which specifies 7.

For an arbitrary tree level diagram in SCET we will have some set of external lines that are either
ultrasoft or collinear (and either in the initial or final state), and also a set of collinear and ultrasoft
propagators. For the external lines that are ultrasoft we have only residual momenta k. and the onshell
condition k2, = 0. For the external lines that are collinear it suffices to take label momenta p, = 7 - py
and p’j 1, and a single residual momentum p,. This amounts to picking 8* above to contain the full p,-
and p!| components. The onshell condition for the collinear particles is then simply p, p," — ﬁZQL = 0.
All propagators for intermediate collinear and ultrasoft lines are then simply determined by momentum
conservation as usual. At leading order in A this perscription for tree diagrams simply amounts to the same
thing as dropping any ultrasoft momentum components &, and k., from collinear propagators, though of
course these momenta can still appear within ultrasoft propagators. At higher orders in A these ultrasfot
momentum components can also appear from collinear propagators through Lagrangian insertions, which
yield terms like the second one in Eq. .

For loop diagrams and loop integrations we need several rules for operations on the label-residual
momentum space. Internal collinear lines should be considered as carrying loop momenta with two parts
q = (qe,qr), while ultrasoft propagators only carry loop momenta k.. There is a seperate momentum
conservation for the label and residual momenta. After using momentum conservation we have label
momenta from either external collinear particles or collinear loops, and residual momenta for external
ultrasoft particle, external collinear particles from p;", and from collinear and ultrasoft loops.

First we note that if we integrate over all label momenta g, and residual momenta ¢, that this will be
equal to an integration over all of the ¢* momentum space, since it does not depend on how we divide the
momentum into the two components. For notational convenience we denote the label space integration as
a sum rather than an integral. In d-dimensions we have

> / diq, = / diq, (4.67)

where we have recombined the label and residual momenta for the minus components, and the (d — 2)
1 -components. This is relevant for combining the two collinear loop integrations back into a single d-
dimensional integration. In particular at leading order in A after having used momentum conservation
there will always be one ¢} for each collinear loop integration, where ¢ and ¢~ do not appear in any
collinear or ultrasoft propagator, and hence not in the integrand F(q, , qj-, q;"). We can therefore use this
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residual momentum integration in Eq. (4.67) to obtain a full integration

DR Z/ddqr Fla; a7 q7) _Z/dd%" Flg, + 4 0 +45q)) —/dqu(q_,ql,fﬁ)- (4.68)
qe qe

In the first step we use the fact that F' is constant throughout each box in the grid picture of Fig. [5] so its
the same with the first two arguments shifted by residual momenta. (In the continuum EFT picture its
the same property, F' does not depend on residual momenta in these components.) In the final equality we
then combined the momenta back into a standard dimensional regularization integration as in Eq. .
Essentially at leading order in A Eq. amounts to the same thing that would be achieved by never
considering the split into label and residual momenta in the first place, and simply writing down the
integrand without ultrasoft momenta appearing in the — or | components in collinear propagators, which
corresponds to the lowest order term in the ultrasoft multipole expansion (and is an easy way to think
about the outcome of the above formal procedure). We have called this rule 1)Ilaive because there is one
final complication that we will have to deal with, namely that the integration on ¢, must avoid producing
additional divergences when this collinear momentum enters the ultrasoft regime. We denote this fact by
qe # 0 if g is the momentum of a collinear propagator. These are referred to as 0-bin restrictionsﬁ We
will discuss the change needed which handles this complication below. Often the results for collinear loop
integrals are called “naive” if one uses Eq. . The result from this naive result will be correct if the
added terms which properly handle this complication turn out to be zero, which happens in some cases.

At higher orders in A there will be dependence on the residual momentum components from higher
order terms in the multipole expansion of the collinear propagators. If these terms correspond to the
momentum components g, and qu that do not appear inside any ultrasoft propagators then the resulting
integration is zero

0 X [ @ dbah) =0, (4.69)
qy

where (g,-)7 denotes positive powers of the ¢.~ and ¢;- momenta, j > 0. Here Eq. is like the dimensional
regularization rule, [ ddq(qQ)j = 0 for j > 0, which is a consequence of retaining Lorentz invariance with
this regulator. Eq. is the analogous statement in the residual momentum space and ensures that
we do not obtain nontrivial contributions from higher order terms in the multipole expansion, unless the
residual loop momentum corresponds to a physical momentum for an ultrasoft loop integration. Both
ultrasoft loop integrations and ultrasoft external particles introduce residual momenta into propagators
that can not be absorbed by a rule like that in Eq. . If we consider a case with an ultrasoft loop
integration, then there will be dependence on the residual momentum also in an ultrasoft propagator, so
the integration will give

S [atar [atk, Bl atiar ) = [ata [a'k Pl a0, (4.70)
qe

which in general is nonzero. This integrand corresponds to a mixed two-loop diagram with one loop
momentum with collinear scaling and one with ultrasoft scaling.

Finally let us consider the implications of the zero-bin when combining label and residual momenta.

Rather than Eq. (4.67)) we can have

> / d4q, (4.71)

qe#0

4 After imposing momentum conservation we get a set of such restrictions, one for each collinear propagator. For example
qe # —pe if there is a collinear propagator carrying momentum ¢ + p.
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Figure 8: SCET] zero-bin from one collinear direction scaling into the ultrasoft region.

where ¢y # 0 is simply a label to denote the fact that the label momentum ¢, must be large in order
to correspond to a collinear particle carrying total momentum ¢. If ¢4 = 0 then the particle would
instead be ultrasoft, and we will often have included another diagram in SCET to account for the different
integrand that accounts for the proper expansion in this special case. Thus these zero-bin restrictions avoid
double counting between the SCET fields, which effectively means double counting from the resulting loop
integrations. It is easy to determine what the set of restrictions are for any diagram, since we have
one such condition for every collinear propagator. At leading order in A only the zero-bin subtractions
corresponding to collinear gluon propagators can give non-zero contributions since operators containing
an ultrasoft quark together with collinear fields are power suppressed. In a continuum EFT these zerobin
restrictions are implemented by subtraction terms which can be determined as follows

1): Z/ddqu(quNf)—Z/ddqu(qz+qr,qi+qf,qﬁ)

qr#0 q0#0

:Z/ddqu(QZJrqr7qel+q#,qr+)—/ddqu°(qT7qhqi)
qv
:/dqu(Q‘,qL,qﬂ—/ddqr F3q g, q))
z/ddq [F(q,qt,q") = F°(q.q",qh)] (4.72)

Here the integrand FO is derived from expanding the integrand for F by taking the label momenta that
appear in its first two arguments to instead scale as ultrasoft momenta ~ A\?, expanding, and keeping the
dominant and any sub-dominant scaling terms up to those that are the same order in A as the original
loop integration. If the original integrand F' ~ A~%, then this corresponds to keeping just the terms up to
FY ~ X\78 which is often the leading term. (Together with the standard scaling for the collinear measure,
d%q ~ X* and for the residual measure d%q, ~ A8 these two integrands give contributions that are both
the same order in \.) In the last line we combine the subtraction term back together with the original
integrand, since the integration variables are after all just dummy variables. This set of steps makes it
clear that zero-bin contributions are encoded by subtractionsﬂ The scaling for the subtraction is shown
pictorally in Fig. The FY term subtracts singularities from F that come from the region where the

°In fact, an alternate formulation of zero-bin subtractions that avoids the use of notation like g, # 0 is to note that in
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collinear momentum behaves like an ultrasoft momentum. In general when the subtraction integration is
non-trivial there will always exist a corresponding ultrasoft diagram where the integration is ultrasoft from
the start, which precisely corresponds with the contribution that the subtractions is allowing us to avoid
double counting.

In general, when one has a continuum EFT with modes that live in a two dimensional space, such as
those in Fig. [8, one has subtractions induced by the presence of modes at smaller (or equal) p?. Therefore
there are ultrasoft subtractions for the collinear modes, but no collinear subtractions for the ultrasoft
modes.

It also should be remarked that depending on the choice of infrared regulators, the subtraction terms
very often give scaleless integrations of combined dimension d — 4 in dimensional regularization. These
then just yield terms proportional to (1/€{;y; — 1/€lg), which are only important to properly interpret
whether factors of 1/e from the naive collinear loop integration that used Eq. are UV poles that
require a counterterm, or are IR poles that correspond with physical IR singularities in QCD. In particular
this is often the case for the simplest measurements with an offshellness IR regulator for collinear external
lines. More complicated measurements (such as those depending on a jet algorithm) or other choices of IR
regulators (like a gluon mass or a cutoff) will lead to zero-bin subtractions that are not scaleless.

We will return to this discussion when carrying out explicit examples of collinear loops in section [7}

5 Symmetries of SCET

In quantum field theory Lagrangians are often built up from symmetries and dimensional analysis. So far
our leading order SCET Lagrangians were derived directly from QCD at tree level. To go further, and
determine whether loops can change the form of the Lagrangians (through Wilson coefficients or additional
operators) we need to exploit symmetries and power counting. In this section, we will introduce the SCET
gauge symmetries and reparameterization invariance (RPI) as a way to constrain SCET operators. We will
find that the gauge symmetry formalism is a simple restatement of the standard QCD picture except with
two separate gauge fields. RPI is a manifestation of the Lorentz symmetry which was broken by the choice
of light-cone coordinates, and which acts independently in each collinear sector. We will also examine the
spin symmetries of the SCET Lagrangian, although here we will find that there are no surprises beyond
what we know from QCD.

5.1 Spin Symmetry

To examine the spin symmetry of /Jg? it is convenient to write the Lagrangian in a two component form.

From Eq. (3.5) we can write
1 o3
a0, (5.1)

V2 \ ¢n

a theory with both collinear and ultrasoft modes, each collinear propagator is actually a distribution, like a generalized +-
function, that induces these subtraction terms. The fact that we drop higher order terms in the A\ expansion when determining
FY implies that we are making the minimal subtraction that avoids double counting IR singularities. Indeed there in principle
could still be a double counting by a ”constant” contribution, but such constants will be properly taken care of by the matching
procedure. The minimal subtraction also ensures that the matching result remains independent of the IR regulator as desired.
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where ¢, is a two-component field, dim ¢, = dim &, = 3/2, and ¢, ~ A\. With this two-component field
the SCET Lagrangian is

1
Ezgp}; in-D—i—z’DZl.
1

7 - DiDZJ_(ng + ieiu0-3) Pn - (52)

Due to the o3 the spin symmetry is not an SU(2), but rather just the U(1) helicity symmetry corresponding
to spin along the direction of motion n of the collinear fields. The relevant generator is

S, = i7", 4] = h = o3. (5.3)

We can relate this symmetry to the chiral symmetry by noting that under chiral symmetry &, transforms
as

&n = VP = < (1) (1) > \}5 < U?gn ) SO (n = 030n . (5.4)

This U(1) 4 axial-symmetry is broken by fermion masses and non-perturbative instanton effects. Just like
in QCD it is a useful symmetry for determining the structure of perturbation theory results. This implies
that in SCET it is useful for determining the basis of operators we obtain when integrating out hard
particles, and for relating Wilson coefficients.

5.2 Gauge Symmetry

The standard gauge transformation in QCD is
U(z) = explia(z)T4]. (5.5)

When we go to SCET we need to have gauge transformations which do not inject large momenta into our
EFT fields, that is, the transformations must leave us withing our effective field theory. For example, if we
used a gauge transformation where a” satisfied

00t ~ Qa?t (5.6)

then ¢, = U(x)&, would no longer have p? < @?A? and would not be described by SCET. There are two
acceptable SCET gauge transformations which are defined by their momentum scale. They are

collinear U, (z): i0"Up(x) ~ QN2 1, \)Uy(z) (5.7)
ultrasoft  Uys(x) 1 i0*Uys(z) ~ QA2 A2 N Uys(2).

There is also a global color transformation which for convenience we group together with the U,s. To
avoid double counting, in the collinear transformation we fix Up(n - = —o0) = 1. We can implement a
collinear gauge transformation on the collinear fields &, ,, via a Fourier transform. Since ¢(z) — U(z)¢(x)
is equivalent to ¢ (p) — [ dq U(p—q)¥(q), the transformation involves a convolution in label momenta. To
understand how the collinear gauge field transforms under a collinear gauge transformation, we need to
recall that there is a background usoft gauge field Ays. Consequently we must take O* — s so that Al
transforms as a quantum field in an A% background. Therefore the collinear gauge transformations are

&n,p(2) = (Un)p—q(@) &nq(@),
g (1) = Uy (@) (941, (2) + 04,104, ) UL (). (5.9)

n,q—q
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Object Collinear U, Usoft U,
&n(2) . Un(x)fn(w) . Uus() &n ()
A (@) Un(2)(Afi () + L0k U () Uus (%) Af(z) Ul ()
Wa(z) Un ()W Uus (@) W () Ufs(2)
Qus (l') Qus (l') Uus (.T) QUs(x)
Al () Al () Uus(2)(Alis(2) + L") Uls ()
Y (x) Y (x) Uys(z) Y ()
Table 2: Gauge transformations for the collinear and usoft fields from Ref. [?], where i0)s = % n-P+

Pﬁ + %in-DuS. The collinear fields and transformations are understood to have momentum labels and
involve convolutions, but for simplicity these indices are suppressed. The usoft transformations do not
change the momentum labels of collinear fields.

Objects Collinear U, Soft U
€n(2) U@ Gl €n(x)
Alj(x) Un() (Afi(2) + £08) Ul(2) Alj(x)
W () U () W (x) W ()
gs() gs() o Us(@)gs(e)
Al (x) g A% (x) Us (Afi(2) + 505)UL ()
S(x) S(x) Us(x) S(x)

Table 3: Gauge transformations for collinear and soft fields in SCETy; from Ref. [?]. Momentum labels
are suppressed, and we have defined i0f = %-in-0 + %-n-P + P} and i0t' = %-in-0 + Zn-P + P! are
defined to only pick out collinear and soft momenta respectively. Here i0% # iDH since usoft fields are not
included in SCETyy.

where we sum over repeated momentum label indices. It is convenient to setup a matrix notation for these
convolutions by defining

A

(Un)pege = (Un)pe—qp »

where the LHS is the (py, qv) element of a matrix in momentum space, and the RHS is a number (both
are of course also matrices in color). Then Eq. (5.9) with a sum over repeated indices becomes &, ,, —
(Un)pe,qin.q.- And if we suppress indices then we have &, — (Up)&,.

(5.10)

Finally the ultrasoft fields do not transform under a collinear gauge transformation, since the resulting
field would have a large momentum and hence no longer be ultrasoft. Essentially this means that by
definition our collinear gauge transformations do not turn ultrasoft gluons into collinear gluons.

For usoft gauge transformations, the field &, and A} transform as quantum fields under a background
gauge transformation, which is to say they transform as matter fields with the appropriate representation.
The usoft fields have their usual gauge transformations from QCD. Since all of the fields transform, these
ultrasoft gauge transformations connect fields in operators that are mixtures of collinear and ultrasoft
fields. This differs from U, (x) which only connects collinear fields to each other.

For SCETYy, the gauge transformation are simpler, since the virtuality of the soft fields are too large
to be a background field to the collinear fields. Thus, the two gauge transformation completely decouple
from one another, and both sectors transform separately as full QCD fields.
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It is important to note that the gauge transformations are homogeneous in the power counting, so they
do not change the order in A for transformed operators. They are exact, there are no corrections to these
transformations at higher orders in A, and thus the power expansion will have gauge invariant operators
at each order in \.

The transformation of the fields yield transformations for objects that are built from the fields. An
important case is the Wilson line W,, which is like the Fourier transform of W (z, —o0). In QCD a general
Wilson line with the gauge field along a path will transform on each end as W (z,y) — U(z)W (z,y)UT(z).
For the collinear gauge transformation we have fields in momentum space for labels, and position space
representing residual momenta, and U,];(—oo) = 1, so the Wilson line transforms only on one side for
collinear transformations. For ultrasoft transformations W, (z) is actually a local operator with all fields
at , and the product of multiple 7 - Ay, () — Uys(2)7i - Ap(2)Uds(x) leads to one U,y and Ujs on the left
and right. Thus with the matrix notation

collinear : Wi(z) = Un(x)Wy(z),
ultrasoft : Wo(z) = Uys(2) Wy (2)US () . (5.11)

It is useful to consider the correspondence between the appearance of the Wilson line W,, in operators,
and the collinear gauge symmetry. If we consider our example of the heavy-to- hght current then without the
Wilson line the operator &,Ih% is not gauge invariant, transforming to fnUn h¥s. Here the &, transforms
because collinear gluons couple to &, without taking it offshell, but h%® does not transform because this
ultrasoft field can not interact with the collinear gluons while remaining near its mass shell. But recall
that when the offshell collinear gluons are accounted for in matching onto the SCET operator that the
n- A, ~ AV gluons generate a Wilson line W,,, so the complete result from tree level matching is

Jscer = E Wil hy?. (5.12)

Now under a collinear gauge transformation Jscgr — EHUEUanthS = £, W, I'h%% so the current is
collinear gauge invariant. Under an ultrasoft gauge transformation Jscpr — EHUJSUMW”UJSFUUS}L? =
£, W,Th¥ so the current is also ultrasoft gauge invariant. Thus the leading order attachments of 7 - A,
gluons that lead to the Wilson line W, are necessary to obtain a gauge invariant result. Furthermore,
by gauge symmetry the fact that the product &,W,, appears in the operator will not be modified by loop
corrections. We will take up what modifications can be generated by loop corrections in section below.

Gauge symmetry forces gauge fields and derivatives to occur in the following combinations

in-Dps=1in-0+gn- A, +gn- Ays, (5.13)
zDﬁL—P“—{—gAnJ_,
in-Dp,=P+gn-A,,
iDb, = i0t + gAl. .
We see that gauge symmetry is a powerful tool in determining the structure of operators. It is reasonable

to ask, is power counting and gauge invariance enough to fix the leading order Lagrangian E( for &,7

Only the operators in - D and (1/P)D,1 D,,1 are O(\?) and have the correct mass dimension. The latter
will have the correct gauge transformation properties once we include Wys. Nevertheless, nothing so far
rules out the operator

7 1 LB

£, iD! LWn%WT Diiyiyén (5.14)
which is gauge invariant and has the correct A scaling. To exclude this term we need to consider another
symmetry prinicple, namely reparameterization invariance.
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5.3 Reparamterization Invariance

Our choice of the n and 7 reference vectors explicitly breaks Lorentz symmetry in SCET, much like v does
in HQET. Part of this breaking is natural, SCET is describing a collimated jet which explicitly picks out
a corresponding n-collinear direction about which the field theory is describing fluctuations. There is also
a part of the symmetry that is restored by the freedom we have in choosing our n and 7 vectors, which
is a reparameterization invariance (RPI). A second attribute of the reparameterization symmetry is the
freedom we have in splitting momenta between label and residual components. We will explore these two
in turn.

The only required property of a set of n, n basis vectors is that they satisfy
n*=n?=0, n-n=2 (5.15)

Consequently a different choice for n and n can yield a valid set of light-cone coordinates as long as our
result still obeys ([5.15)). Specifically, there are three sets of transformations which can be made on a set of
light-cone coordinates to obtain another, equally valid, set.

I I1 I11
ny — ny, + A/f Ny — Ny n, — e“nt (5.16)
Ty — Ty My = M+ er Ny — e Yy,
where -et =n-et =n-A+ =n- AL = 0. The first two transformations are inifinitesimal. The third is a

finite transformation (where the form is simple), but can be made infinitesimal by expansion in «. These
transformations must leave a collinear momentum collinear in the same directions, so we can obtain the
A-scaling of these parameters by noting that:

Neon-pon-pt+Atp = At ~A! (5.17)
Neaf-posa-pret-pl=et~ X
o~ N

Thus only AL is constrained by the power counting, while large changes are allowed for a and e*. These
RPI transformations are a manifestation of the Lorentz symmetry which was broken by introducing the
vectors n and n. The five infinitesimal parameters Aj, Ef;, and « correpsond to the five generators of the
Lorentz group which were broken by introducing the vectors n and n. These generators are defined by
{n,M" n,M"} or in terms of our standard light-cone coordinates Qli = J1 + Ko, Q;E = Jo + K7, and

Ks. Here M* are the usual 6 antisymmetric SO(3,1) generators.

If we start with our canonical basis choice n = (1,0,0,1) and 7 = (1,0,0,—1) then we can visualize
the Type I and Type II transformations as changes in the directions orthogonal to the Z direction

)
<—<>n“ 1 ’n%
ﬁ,u

nH
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and we can visualize Type III transformations as boosts in the Z direction. For Type I we can transform n
by an O(\) amount, into another vector within this collinear sector, without changing any of the physics.
For Type II we recall that the auxillary vector n was chosen simply to enable us to decompose momenta,
so their is a considerable freedom in its definition, and this corresponds to the freedom to make large
transformations. (If we start with a more general choice for n and n that satisfies Eq. then the
picture for the Type-III transformation is more complicated than a simple boost.)

The implications of the Type III transformation for SCET operators are very simple, n and 7 must
appear in operators either together, or with one factor of /n in both the numerator and denominator.
That is, in one of the combinations

3

(A-n)(B-n), (5.18)

A-n A-
B-n’ B -

S0

where A* and B* are arbitrary 4-vectors.

In order to derive the complete set of transformation relations we must also determine how p// trans-
forms. Recall that the definition of p; depends on n and 7, since it is orthogonal to n and n, satisfying
n-p; =0=mn-p,. We can work out its transformation by noting that the four vector p* does not depend
on the basis for coordinates. Using the Type-I transformation as an example

nt nH nt _ n# Al n*
pr=gneptneptp = *5Wp+5%m+ﬁﬁwinm+3ALmL+Mﬁ):M.@ﬂn

Thus p’i must transform as

w I u A#
P =71 — —AL pL—7n~p. (5.20)

The projection relation (#7t/4)&, = &, also implies that &, — [1 + (ALﬁl) /4]&,. Similar relations can also
be worked out for type-II transformations, for example

11 n# el
P=pl— el pL—5nep, (5.21)
Summarizing all the type-I and type-II transformations on vectors and fields (using D* as a typical vector)
we have

1 IT

n—n+ At n—n
n—n n—n+et
n-D—n-D+4+AL. D+ n-D—>n-D
L _
Dt Dt - 2. DAL D| D DE-%p.D-melD
n-D—na-D nD—>n D+ et Dt
1
gn_><1+i4& %)571 gn_><1+§¢ mDZlDJ_)gn
Wy, — W, W, = (1 - Z5et -iDY) W,

(5.22)

For type-III transformations p/| does not transform, and neither does W,.

We can show that our leading order SCET Lagrangian

n{ - £nm Dnsﬁgn +£nlwn L — ZEnL’%gn (523)
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5.3 Reparamterization Invariance 5 SYMMETRIES OF SCET

is invariant under these transformations. Under a type-I transformation we have

- 1
6142) = 0 (énz'n . Dm?&n) + 41 <£nil3n, men j;&) (5.24)

=€ iAt. Dﬁ?gn — &Nt D#’zgn
=0

where to obtain the second line we used 72 = 0, the orthogonal properties of the 4-vectors, and ignored
quadratic combinations of the Al infinitesimal. Hence the SCET quark Lagrangian obtained from tree
level matching is indeed invaraiant under §;. However, this Lagrangian is not completely determined by
invariance under d7. For example, the term we encountered at the end of the gauge symmetry section
transforms as

<5nan L 1D iD" L?&) = —£,iA - D, L?Zgn (5.25)

which is the same transformation as for the second term in . Consequently, we may replace the
second term with this new term with no violation of power counting, gauge symmetry, or RPI type-I.
This ambiguity is only resolved by using invariance under RPI of type-II. The detailed calculation is given
in [7] with the final result that our Lagrangian ES? remains invariant under dy; while the term given in
(5.14) does transforms in a way that can not be compensated by any other leading order term in the
Lagrangian. Therefore our SCET; Lagrangian ES? is unique by power counting, gauge invariance, and
reparameterization invariance. This also implies that its form is not modifed by loop corrections. In general
type-I1I RPI will restrict operators at the same order in A, type-I restricts operators at different orders in

A, and type-II will restrict operators at both the same and different orders in A.

Reparameterization invariance also manifests itself in the ambiguity of label and residual momenta
decomposition. We can separate the total momenta

n-p=n-(pe+p) D=0+ (5.26)

into py and p, in different ways as long as we maintain the power counting. Specifically, a transformation
that takes

Pl PR LB G9R s 9H — B (5.27)

implements this freedom. The transformation on 79" is induced by the S-transformation of the fields, for
example

Enp(z) = POy p(x). (5.28)

The set of these § transformations also determines the space of equivalent decompositions Z that we mod
out by when constructing pairs of label and residual momenta components (pg, p,) in R x R*/Z. We will
refer to this as type-0 RPI to distinguish it from those discussed above. Invariance under this RPI requires
the combination

PH 4 ik (5.29)

to be grouped together for collinear fields. Since P and in -9 (and P! and i9') appear at different orders
in the power counting, this RPI connects the Wilson coefficients of operators at different orders in .
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5.4 Discrete Symmetries 5 SYMMETRIES OF SCET

A natural question is how to gauge the connection between label and residual derivatives in (5.29)).
Recall that the gauge transformations for derivatives are

collinear ultrasoft
iD, | —  UniD, U} UwsiDy, L Ul
in- Dy — Uninn- DyUS Uysifi - DpUdsm
in-D—  Uyin- DU} Uysin - DU
iDlis — iDL Uysi DU

The most natural guess for the gauging of (5.29) would be

iDl | 41Dl i - Dy 447 - Dys . (5.30)
However, with the above transformations these combinations do not have uniform transformations under
the gauge symmetries, since D,; does not transform under U,. We can rectify this problem by introducing
our Wilson line W, into the combination of these derivatives. The unique result which preserves the SCET
gauge symmetries without changing the power counting of the terms is

iD! =iD" +W,iD! W} (5.31)
i - D = ifi - Dy, + Wi - Dys Wi, (5.32)

where W, transforms as W,, — U,W,. Stripping off the regular derivative terms, the extra multi-gluon
terms appearing in the formulae like A} = A" + A!  + ... are the terms we denoted by ellipses in (4.9).
These terms are necessary to form gauge invariant subleading operators.

Like in HQET, the RPI in SCET connects the Wilson coefficients of leading and A-suppressed La-
grangians and external currents and operators. As an example, applying the connection to the term
gnlen AW, (1/P) WnTz]Dn 11L&y in ,CS? yields the subleading Lagrangian that couples collinear quarks to A"*
gluons,

Ly = <§nwnwf;<wmn,gn> + <5nmwwn>;w<wzgn>. (5.33)

The complete set of SCET] power suppressed Lagrangians up to O(A?) can be found below in Sec.

5.4 Discrete Symmetries

After considering the residual form of Lorentz symmetry encoded in reparameterization invariance it is
natural to consider how our SCET fields transform under C, P, and T transformations. In this case we
will satisfy ourselves with the transformations of the collinear field &, ,. We have

C™ & p(2)C = —[En,p(x)C]" (5.34)
Pilfn,p(m)P = ’YOgﬁ,ﬁ(l'P)
T %0p(2)T = Ténp(ar)

where n = (1,0,0,1), n = (1,0,0, 1), p= (p*,p~, p*), x = (z, 27, z1), C is the standard matrix induced
by charge conjugation symmetry, and we have defined § = (p~,p*, —p*) as well as zp = (27, 2+, —at)
and 27 = (—z~, —z T, 27).
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5.5 Extension to Multiple Collinear Directions 5 SYMMETRIES OF SCET
5.5 Extension to Multiple Collinear Directions

For processes with more than one energetic hadron, or more than one energetic jet our list of degrees of
freedom must include more than one type of collinear mode, and hence more than one type of collinear
quark and collinear gluon. When two collinear modes in different directions interact, the resulting particle
is offshell, and does not change the formulation of the leading order collinear Lagrangians. Therefore the
Lagrangian with multiple collinear directions is

(0) 0 0 0
£80m, = £+ [£50 + £9)]. (5.35)
for n1,n9,ns, ... collinear modes in the sum on n. The collinear modes are distinct only if
n;-n; >N\ fori#j. (5.36)

We may understand this result by a counter argument: If a momentum ps = Qno, then nq-ps = Qni-ng ~ A2
iff n1 - na ~ A2. Hence py is ni-collinear, and ns is not a distinct collinear direction from ni. If n;-ng ~ A2
then we say that n; is within the RPI equivalence class [n;] defined by the member n. Distinct collinear
directions correspond to the different equivalence classes, and we only sum over distinct directions in
Eq. (5.35).

Essentially all of the things we derived with one collinear direction get repeated when we have more
than one collinear direction.

e For each light-like n; we define an auxillary light-like n; where n;-n; = 2. Collinear momenta in the n;
direction are decomposed with the {n;,n;} basis vectors since the components have a definite power
counting: (n; - p,; - p, pn, 1) ~ (A%, 1,A). Note that the meaning of L depends on which n;-collinear
sector we are discussing.

e There is a separate RPI for each n;-collinear sector that only acts on the n;-collinear fields, and on
objects decomposed with the {n;, 7;} basis vectors. Here there is no simple connection to an overall
Lorentz transformation because the fields in other sectors do not transform.

e There is a collinear gauge transformation U, for each type of collinear field. Only the fields in the
n;-collinear direction transform (fields in other collinear sectors do not transform with U, since such
transformations would yield offshell momenta that are outside the effective theory).

e Matching calculations generate multiple collinear Wilson lines W,,, = W,,,[n; - Ay,]. The definitions
are identical to Eq. with n — n;, 7 — f;, including P — 7; - P. They are again always
built only out of the O(A°) gluon fields, and correspond to straight Wilson lines. These matching
calculations lead to operators in SCET that are gauge invariant under U, transformations.

As an example of the last point consider the process ete™ — 7* — two-jets. The QCD current is

JH =y, By integrating out offshell fields to match onto SCETT we obtain the leading order current

JgCET = (gnl Why )’V“(WJQ &ns) - (5.37)

Here ny and ng are the directions of the two jets. The Wilson line W,,, = W, [ - Ap,] is generated by
integrating out the attachment of n; - A,, gluons to na-collinear quarks and gluons, and analogously for
W, . The resulting operator in Eq. is invariant under ni-collinear, no-collinear, and ultrasoft gauge
transformations. In general one can carry out all orders tree level matching computations to derive the
presence of these Wilson lines. For situations with multiple lines in different directions these calculations
are greatly facilitated by using the auxillary field method (see the appendices of [0 []).
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Figure 9: The attachments of ultrasoft gluons to a collinear quark line which are summed up into a
path-ordered exponential.

6 Factorization from Mode Separation

One of the benefits of the SCET formalism is the clear separation of scales at the level of the Lagrangian
and of operators that mediate hard interatctions. We will explore the factorization between various types
of modes in this section.

6.1 Ultrasoft-Collinear Factorization

Recall that only the n - A,s component couples to n-collinear quarks and gluons at leading order in .
This is explicit in the Feynman rules in Figs. [6] and [7] where only n,, appears for the ultrasoft gluon with
index p. Furthermore due to the multipole expansion the collinear particles only see the n - k ultrasoft
momentum of the n- A,s gluons. For example, if we consider Fig. [9] with only one ultrasoft gluon then the
collinear quark propagator is

n-p n-p n-p

= = 6.1
n-pn-(pr+k)+pt+i0 a-pn-k+p?+i0 a-pn-k+i0’ (6.1)

where in the last equality we used the onshell condition p? = 0 for the external collinear quark. Together
with the n, from the vertex this result corresponds to the eikonal propagator for the coupling of soft gluons
to an energetic particle. The appropriate sign for the 0 is determined by dividing through by 7 - p and
noting the sign of this momentum, which differs for quark and antiquarks. Accounting for attachments to
incoming or outgoing particles this leads to the four eikonal propagator results summarized in Fig.

Now, we consider the case of multiple usoft gluon emission. Calculating within SCET the graphs in
Fig. |§I gives I'Y,,u,, where I' is the structure at the ® vertex, and u,, is a collinear quark spinor. Here

e m a a a a
~ —g)"n - A% (ky) - -n - A% (k)T - - T™
I I TN ey ey ©2
m=0 perms 1 1 2 (A
where all propagators are +i0. These eikonal propagators come from collinear quarks with offshellness
~ A2, which is near their mass shell, and hence are a property of fields in the EFT itself (as opposed to the
Wilson lines W,, which were generated by matching onto the EFT). This corresponds to the momentum
space formula for an ultrasoft Wilson line Y;,. In position space this formula becomes
0
Y, (z) = Pexp [zg/ dsn- AL (z+ns)T| . (6.3)

— 00

It satisfies a defining equation and unitarity condition:

in-Dys Y, =0, YV, =1 (6.4)
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Figure 10: Eikonal i0 prescriptions for incoming/outgoing quarks and antiquarks and the result that
reproduces this with an ultrasoft Wilson line and sterile quark field.

For the case where the Wilson line is in the fundamental representation 7% — T B while for a Wilson line
in the adjoint representation 7¢ — —if®°. We will assume that all Wilson lines are in the fundamental
representation and reserve the notation Y, for this case. For the adjoint Wilson line we will use V.

When we wish to be specific in the notation for our Wilson lines to show whether they extend from —oo
or out to +o00, and whether they are path-ordered or antipath-ordered, we will use the following notations

0 00
Y+ =Pexp (zg/ ds n-Ays(x + sn)) , Y, =Pexp <zg/ dsn-Ays(x + sn)) , (6.5)
—00 0
0 (%s)
YJ, =Pexp (—fég/ dsn-Ays(x + sn)) , Y,Lr = Pexp (zg/ ds n-Ays(x + sn)) :
oo 0

Here (Y1)t = YTE;, and the subscript on YTL should be read as (Y,;r )+ rather than (Yi)T. The + denotes

Wilson lines obtained from attachments to quarks, and the — denotes Wilson lines from attachments to
antiquarks. The Wilson lines obtained for various situations are shown in Fig.

The generation of the Wilson line Y, from the example above motivates us to consider whether all the
leading order usoft-collinear interactions within SCET} (to all orders in «s and with loop corrections) can
be encoded through the non-local interactions contained in the Wilson line Y,,(z). To show that this is
indeed the case we consider the BPS field redefinitions [6]

Enp(@) = Ya(@)E0) (@), Al (2) = Ya(2) AD) ()Y (@) (6.6)

n,p
They include in addition ¢, () = Y, () 01(1(2,1’”T () for the ghost field in any general covariant gauge.
The defining equation for Y, implies the operator equation
Yiin . DyY, =in- 0. (6.7)
Also because the label operator P commutes with Y,, the redefinition on 7 - A, in (6.6]) implies that

W, — Y, WOyt (6.8)

where Wéo) is built from 7- AS)) fields. Implementing these transformations into our leading collinear quark
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Lagrangian we find
i1
Ipn J.) ) ‘fn

_ 7 1
= gn (ZTL : Dus +gn- An,q + (?J_ =+ gAn,qJ_)W%WT(?J_ + gAn,qJ_))

0 _7¢ b
L) = D+l

i
§€n

— e Oyt (m  Dys + g¥n - AQyT

)
n?q

+<7/>l+gYA£S;LYT>Yw<“> Iy WO, +gAnqL>) fyew
:E;O) <m o+ gn- A + (P +gAan_) 0)71) (7P +gAan_)>% ©
_ £(0) o 1 ORYIO!
=5, (zn DV +ip, 0 zz)nL> 55,}’ , (6.9)

n
where the last line is completely independent of the usoft gluon field. With similar steps we can easily
show that the collinear gluon Lagrangian E%Og) in (4.57) also completely decouples from the n - A, usoft
gluon field. In summary, we see that the usoft gluons have completely decoupled from collinear particles
in the leading order collinear Lagrangian L’%O) = Eg? + ES)Q) via

LO[€np AL n- Ays) = LO[ED) AL 0] (6.10)

b Al

However, it is important to note that the usoft interactions for our collinear field have not disappeared,
but have simply moved out of the Lagrangian and into the currents. We must make the field redefinition
everywhere, including external operators and currents, as well as on interpolating fields for partons and
hadrons. The field redefinition on the interpolating fields that describe incoming and outgoing states
will determine whether the final usoft Wilson lines are Y., Y_I, Y_, or YT since these interplolating field
operators are localized either at —oo or 4oc.

Eg.1: Consider our standard heavy-to-light current. Performing the field redefinitions we have

Tt =&, WTth, = E0vTY, wOYir, (6.11)
— eOwOrpnytp, .

The last line gives us our first factorization result. Since &, is an outgoing quark, here Yl = Yl. As
is necessary for effective theories, we will need to include a Wilson coefficient encoding higher energy
dynamics, but we can already clearly see how different scales have separated into distinct gauge invariant
quantities (ES?;,W(O)) and (YJ hy) at the level of operators. We can demonstrate this ultrasoft-collinear
factorization diagrammatically by considering the time ordered product of two currents T.J*(z)J(0)
(whose imaginary part is related to the inclusive decay rate). Rather than having diagrams with ultrasoft
gluons coupling to collinear lines they decouple into distinct parts:
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Eg.2: Consider a current that is a global color singlet within the n-collinear sector

T = (€ W)W, = €V WO)rm(W ) (6.12)

Here all the usoft gluons have cancelled using Y, Y, =1, so all the usoft gluons decouple at leading order.
Diagramatically we can imagine this current producing an energetic color singlet state like a collinear pion
(ignoring the fact that we’re in SCETy for a moment):

This decoupling is called color transparency, the long wavelength usoft gluons only see the overall color
charge of the energetic fields in the pion, and hence cancel out for this color singlet object.

Eg.3: As a third example, consider our operator for eTe™ — dijets. Here we have two types of collinear
fields, n1 and ng, and the BPS field redefinitions give Y;,, and Y,,, ultrasoft Wilson lines:

J = (& Wi LW, 6ny) = (EQWO) (Y] Yo )T (W D1E() . (6.13)

This result involves the product of three factored sectors (nj-collinear)(ultrasoft)(na-collinear). Here the
lines are both outgoing, Y,Il = YT1Jr and Y, =Y,,_.

n

Remark: It is possible to formulate a gauge symmetry for the decoupled collinear fields via US)) =
Y, (2)Un(x)Y,(2), that then acts on the collinear (0) fields without ultrasoft components. However, there
is not new content to this gauge symmetry beyond the ones we considered earlier.

6.2 Wilson Coefficients and Hard Factorization

As is standard in effective field theories, the high energy behavior of the theory is encoded in Wilson
coefficients C'. In SCET the Wilson coefficients can depend on the large momenta of collinear fields that
are O(\?). Because of gauge symmetry the momenta appearing in C' must be momenta for collinear
gauge invariant products of fields. We can write C(P, 1) where the large momenta is picked out by the
label operator P which acts on these products of fields. For example, including this operator with our
heavy-to-light current yields

EuWa)D"hoC(P') = C(=P. 1) (€, Wa)T* o (6.14)
(noting that P > 0 so we have picked a convenient sign). We have included parentheses around &, W,
because C'(—P, ) must act on this product, since only the momentum of this combination is collinear

gauge invariant. It is convenient to write this result as a convolution between a real number valued Wilson
coefficient and an operator depending on a new label w

EWIHhC(P') = [ dwo Clao, ) (€ W) = P,

:/dw C(w, 1)O(w, p) (6.15)
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where C'(w, ) encodes the hard dynamics and O(w, i) encodes the collinear and ultrasoft dynamics. Thus
the hard dynamics is factorized from that of collinear fields, and this in general leads to convolutions since
they both have 7 - p momenta that are O(AY).

We can show see that this hard-collinear factorization is a general result that can be applied to any
SCET operator. Recall the following relations for W

in-D,W,, =0,  WIW,=1, in-D,=W,PW,),  1/(in-D,)=W,(1/P)Wi.  (6.16)
These conditions imply the operator equations (for any integer k)
(ifs - Dp)* = WL (P)*W . (6.17)

and we have for a general function f(P) or f(in - Dy,)

f(P) = / do f(w) (5w —P)), (6.18)

f(in- Do) = W f(PYW' = / do f(w) [Wa(w —PYWI).

If in general the hard dynamics leads to a function f of a large momentum P, then we have f(P) if it acts
on a n-collinear gauge invariant product of fields, and this relation shows that we can always represent this
by a convolution of a Wilson coefficient f(w) which includes a §(w — P) as part of the collinear operator.
(If we act on fields that transform under a collinear gauge transformation then the same is true but with
f@in - Dy) and the extra Wilson lines are included in the operator.) For example, with our current for
ete™ — dijets we have

/ deon dry C(r,w3) (Boy Wy )S(wn — i1 - PPT8(ws — g - PY(WL ). (6.19)

Note that since the Y,, Wilson lines commute with P# we can perform the ultrasoft-collinear factorization
by field redefinition after having determined the most general possible Wilson coefficient, and the results
will be the same as we obtained prior to discussing Wilson coefficients. In general the function C'(wq,ws)
will be constrained by momentum conservation for the process under consideration, and any nontrivial
dependence must be determined by matching calculations.

6.3 Soft-Collinear Factorization

The factorization of soft gluons from collinear degrees of freedom is quite different than for ultrasoft gluons
discussed in Sec. This is because as discussed in Sec. soft gluons do not couple to collinear particles
in the Lagrangian. When a soft particle interacts with a collinear particle, it produces an offshell particle
with momentum p ~ Q(A, 1,\). For example, a triple gluon vertex with a soft and collinear gluon has an
offshell gluon with momentum Q(A, 1, A) as shown in Fig. These offshell modes have p? ~ Q%) > (Q\)?
and can therefore be integrated out of the theory. Thus, the only way that the coupling between collinear
and soft particles can arise in SCETyy is through Wilson lines present in the external operators.

At lowest order in A soft interactions with collinear fields can only involve the n-As component. This can
be understood from the scaling of the momenta, where the only the momentum component n-ps survives
when expanding the invariant mass of a collinear and soft momentum

(Pn +ps)” = Nepanps + - .. (6.20)
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soft %m@\fk
%0 k+

offshell

Figure 11: The interaction of a soft and collinear gluon with momenta k ~ Q(A, A\, \) and ¢ ~ Q(A\2,1, )
respectively, to produce an offshell gluon with momentum & + g ~ Q(A, 1, A).

Integrating out all offshell fluctuations simply builds up factors of the Wilson line S, which is defined in
position space in a very similar way to the ultrasoft Wilson line

0
Sp(x) =Pexp [zg/ dsn - Aj(x + ns)T“} . (6.21)
which in momentum space becomes
1
Sp = [ pe;msexp < 9.5 n-As,q>] . (6.22)

Thus, much like W,,, S,, turns out to be a fundamental object in the SCET.

One can also understand the appearance of the soft Wilson lines by considering gauge invariance. Take
the example of a soft-collinear heavy-to-light current. Under soft and collinear gauge transformations
(suppressing the soft field labels) the fermions transform as

soft: hy = Vshy, & — €
collinear: hy = hy Enp — Unén. (6.23)

Thus, the simplest current J = g’n,prhv (where T' is the spin structure) is not invariant under the gauge
symmetries. To construct a gauge invariant current requires the addition of soft and collinear Wilson lines.
Using the transformation properties

W, —= U W,, S—V,S, (6.24)

it is easy to see that the gauge invariant current is
J=[&Wa] T [sTh,] . (6.25)

Thus, we see that soft gauge invariance determines how S appears. However, gauge invariance tells us
nothing about the direction of the Wilson line S, and this information can only be obtained through a
matching calculation.

There are three properties of Eq. (6.25]) that need to be reproduced by this calculation, namely that
only 7 - Ay 4 gluons appear to give W,,, that only the n-A; component of the soft gluons appear to build
up S;rL, and that W, and SYTL appear in the gauge invariant combination shown.

Consider the order g2 graphs which match onto Eq. (6.25) and which contain one soft and one collinear

gluon. The necessary graphs are shown in Fig. Expanding the diagram in Fig. to leading order
gives
ﬁ,l/

H _
Fig.:_g2nrfq e Eup TOT TP By | (6.26)
S (&
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(b)

Figure 12: QCD graphs for the current gI'b with offshell propagators induced by a soft gluon with mo-
mentum ¢s, and a collinear gluon with momentum q..

We see that as expected, the leading contribution contains only the 7- A, ~ AY collinear gluon by power
counting, and only the n-A, gluon because the v” for this vertex is sandwiched between a gn,p and an 1
from the offshell light quark propagator. However, the two color factors 7% and T® are in the opposite
order to those in Eq. . At leading order the remaining two non-Abelian graphs are equal and give

n* n

n-qs n-

2 v
Fig. [[b = Fig. [[% = %i Febere Enplhe . (6.27)
qc

Adding the three graphs together reverses the order of the color matrices in Eq. (6.26) to give

I
Figs. =2 g TP T T, (6.28)
dc

n-qs n-

This is the desired result and is in agreement with Eq. (6.25)). In Appendix ?? we extend this matching cal-
culation to all orders in perturbation theory. In the next section we derive this to all orders in perturbation
theory.

6.4 Mixed, hard, collinear and soft factorization [Strong overlap|

In this section we discuss the simultaneous factorization of the soft (A, A, \) modes, n-collinear (A2, 1, \)
modes, and fi-collinear (1, A2, \) modes. As discussed before, these three classes of modes can not interact
with each other in a local manner and therefore do not couple through the SCET Lagrangian. However,
they can couple in a gauge invariant way through external operators and currents. These interactions are
built up by integrating out fluctuations with offshellness p? > (QM)2. For the special case of a single
collinear and soft field, this was shown to first order in Sec. In this section, we show this to all orders
in perturbation theory, and for a case where two different colliner directions are present. Much of this
section is taken varbatim from Appendix A of [§].

The basic idea is to first match onto a theory which contains explicit degrees of freedom for the off-shell
fluctuations. The Lagrangian of this theory describes the couplings between onshell and offshell modes
that give all order \° diagrams. The offshell modes (having p? > (Q\)?) can then be explicitly integrated
out, so that all operators are expressed entirely in terms of the onshell degrees of freedom. In table
a summary is given of the three types of offshell momenta that are induced by adding soft, n-collinear,
and n-collinear momenta. For each type auxillary quark and gluon fields are defined, and for convenience
momentum labels are suppressed in this section. For example, the ¢ quarks are created by the interaction
of a n-collinear quark with an n-collinear gluon. The 1% quarks are created when a collinear quark &, is
knocked offshell by a soft gluon, whereas the 12/ quarks are created when a soft quark g5 is knocked offshell
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Type Momenta (+,—, L) Fields Wilson lines

onshell  collinear-n ~ (A%, 1,) &, Al W,

collinear-n ~ (1,2, )) &, Al Wa

soft q“ ~ (A A )\) qs, A% Sn, Sk

usoft kF ~ (A2, )\2 L, A2) Gus, Abs Y,, Y;
offshell p=p1+p2 pt o~ (1,1, 0) Vg, A“ X,, Xn

p=pi+q | P'~(ALA o, oM, A% | WX, 5

p=p2+4q pu'\’(l)‘)‘) ¢ﬁ’¢n7A7’)fu ng(vsr‘)z(

Table 4: Summary of the onshell modes discussed in section 7?7, and the auxillary fields introduced to
represent the offshell fluctuations that are integrated out in this appendix.

by a collinear gluon A,,. For the field g we write ¢g = W3+ wg , where % = %Viﬂ g and ng = Lt vg.
Then we have 7% = % = 0, il = L = 0, and gy = M = 0. Various Wilson lines are also
required and are listed in the table. It is convenient to define a generic Wilson line L[a, A] along direction
a with field A by the solution of

(aP+ga-A)Lla, A] =0. (6.29)

With this notation the on-shell Wilson lines are W,, = L[n, A,], Wa = Ln, Az], S, = L[n, As], and
Si = L[n, As]. (Recall that the subscripts on W and S mean different things.) The Wilson lines involving
offshell fields that we will require are

X, = L[, Ag+AX+A,],  Xa=Ln Ag+AX+ 4], (6.30)
WX = Ln, AY+4,], W = Lin, AX 4+ Az,
SX = Ln, A+ A, SX = Lln, AX +A,].

Below we discuss the results which allow us to integrate out offshell fluctuations. The structure of the
auxiliary Lagrangians and construction of their solutions are very similar to the case presented in Ref. [?],
to which we refer for a more detailed presentation.

From Table 4| we see that adding n and 7-collinear momenta gives p> ~ Q?, whereas adding soft and
collinear momenta gives p?> ~ Q?). Loops that are dominated by these offshell momenta only modify
Wilson coefficients and not the infrared structure of the operators. Therefore, to determine the structure
of SCET fields in an operator it sufficient to integrate out the offshell fields at tree level. For convenience we
can integrate out the fluctuations starting with those with the largest offshellness. Recall that we only wish
to consider offshell propagators connected to external operators. A subtelety for quarks is that distinct
auxillary fields are needed for the incoming and outgoing offshell propagators. However, the solution for
the outgoing field turns out to be the conjugate of the incoming field, so to avoid a proliferation of notation
we simply denote the outgoing terms in the Lagrangian by +h.c., and present a solution for the incoming
fields. Finally, note that for the gluon field Ag the fields A,,, Az, AX, AX and A, appear as background
fields while for the fields A:X and AX it is A,, An, and A, that appear as background fields.

The terms in the auxillary Lagrangian involving the p? ~ Q? fields are
Lix = &Sgn-(AQ+A§+Aﬁ)z(w£ + &) + U [P + gn-(Ag+ A7 +A4n)] Z‘wﬁ?
+(n <> n)+h.c.

1 1
ot {liDt + g%y, iDh + g A5} + oo rlling, Aoul?}. (6.31)
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6.4 Mixed, hard, collinear and soft factorization [$trddg G CERIZHNTION FROM MODE SEPARATION
where iDf, = s P + gn-(AX +A)] + 20 [P + gn - (AX +Az)]. The solution of the equations of motion
for these modes are

v = (G-DWy +6&), U7 = (Xa—1)(Wr + &),
Xix, = wXwXt. (6.32)
(In addition to the last equation a constraint on the components n-Ag and n-Ag also comes from the

gauge fixing term, but will not be needed.) The terms in the auxillary Lagrangian involving the p? ~ @2\
fields are [?]

e = Bhan (XA Le t Bt gn- (a1 a)) But f o m) bhe (633)
+ w%gn-(A§+An)qu + MR P + g (A +An)] ZW + (n ¢ @) + hc.
1 . . y 1 . _
+ TQQtr{[zDZX—i—gAff“ LiDY x+gAx ]2} + ;ntr{[zDﬁX, Affu]z} +(nen),

where iD! . = In#[n-P + gii-Ap] + 37#[n-P + gn-A,]. The solutions for these modes are

vk =(sX-1)¢,, WM =WX-1)q, SXWE=w,S],
vE =87 -1g, v =W -1)g,  SXTWE =wist. (6.34)

Together Egs. and can be used at leading order to elliminate the fields representing offshell
fluctutations with p? > (QA)2.

As an illustration of these results we discuss the soft-collinear factorization for the production of a ¢,gxn
pair with a large invariant mass Q2. This process is mediated in the full theory by the electromagnetic
current .JJ = ¢TI (T a color singlet). This current will match onto a current in SCET that is built entirely
out of onshell fields. Using the results in this section this current can be systematically derived. To start
the quark field in J matches onto &, plus all possible fields which the auxillary Lagrangian can create
starting from &,, so

J = &+ 9L+ 9T (& + vk +ud). (6.35)

Integrating out the p? ~ Q? fluctuations with Eq. (6.32)) and inserting a hard Wilson coefficient C' which
depends on label operators turns Eq. (6.35)) into

(&n + P X] OT X (& + 9k) = (& + LYW CT Wi (& + 9L (6.36)

To construct the first operator we used the equations of motion for wf? and 1/1,? , and in the second operator
we used the equation of motion identity for the gluons in X,, and X5. In a similar fashion we can now
integrate out the p? ~ @2\ fluctuations with Eq. (6.34) to give

&S WX CTWRTS Y 6 = EW, S| OT S, Wi . (6.37)
The operator on the right is the final result used in Eq. (?7), and is soft, collinear, and usoft gauge invariant.

It should be obvious from this example how the equations of motion in Egs. (6.32)) and (6.34)) can be used
to determine the factorized form of a general leading order operator.
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6.5 Operator Building Blocks 6 FACTORIZATION FROM MODE SEPARATION
6.5 Operator Building Blocks

Our discussion of hard-collinear factorization in SCET in the previous section motivates setting up a more
convenient notation for building operators out of products that are collinear gauge invariant. For the
collinear quark field we define a “quark jet field” (SCETy) or “quark parton field” (SCETy)

Xn = Wi, (6.38)
Xnw = 6(w — 71 P)Y W&,

where the last expression has a definite O(A\°) momentum. With this notation our e*e~ — dijets operator
becomes

/dwl dwo C(wl, w2) Xn,wi FXﬁ,wQ- (639)

For the gluon field we define a “gluon jet field” (SCETY) or “gluon parton field” (SCETy) as

1
B = E[ngg LW, (6.40)
By, =By 0w —Ph,

where the label operators and derivatives act only on the fields inside the outer square brackets. The gluon
jet field can also be written as a commutator via

1 1
9Bl = [WliDh W] = | = - PWJiDE W, | = | Wilin- D,iDk W]
n " n-P " n-P m
1 . .

- [ﬁ Wi - Dn,zDzL]Wn} . (6.41)
The outer square brackets indicate that deriviatives act only on objects inside. In the third equality we used
n-P= Wim - D, W,,, and in the last line we used that fact that within the square brackets [in- D, W,,] =0
to write the result as a commutator. Equation (6.41]) allows the gluon jet field to be written in terms of a
field strength via B | = TABfi‘ where

1
Bl = 5 G Wi, (6.42)

where WEA = WDBA[q . A,] is the adjoint representation collinear Wilson line and the collinear gluon field
strength obeys igGAM TA = [iD},,iDY].
We can show that a complete basis of objects for building collinear operators at any order in A is given
by the three objects [15]
xn,  Bh,  PHL. (6.43)

n

Any other operators can be expressed in terms of these three objects. This basis is nice because the two
gluon degrees of freedom in Bﬁ | can be taken as the physical polarizations. Indeed the expansion of BZL f
in terms of gluon fields yields

g\

By =A ———n-Apgt..., (6.44)

where the ellipses denote terms with > 2 collinear gluon fie:lds. In addition to the building blocks in
Eq. (6.43)), operators will also of course involve functions of P = n - P that appear as Wilson coefficients.
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6.5 Operator Building Blocks 6 FACTORIZATION FROM MODE SEPARATION
To see that Eq. (6.43) gives a complete basis we start by noting that the L covariant derivative is
redundant. If we consider it sandwiched by Wilson lines, then

iD= WD) Wy =Py, + WD W] =Pl + 9By, . (6.45)

We can also remove in - 0 derivatives by using the equations of motion for quarks and gluons. For instance
the collinear quark equations of motion can be written as

in - Oxn = —(gn - Bn)xn — (Zﬁ ) ( w )Xn s (6.46)
where D! | is given in terms of basis objects by (6.45)), and Where
111
n-B,=- [WJL[m - Dy, in - Dn]Wn} : (6.47)
g|P
The gluon equations motion allow us to elliminate n - B, in terms of basis objects as
27DnL L 2 A A
n- By =-—"2B 4+ T Z T4 + ..., (6.48)

where the ellipses denote a term that involves two B, s. The gluon equation of motion also allow us to

eliminate in - OB" ", in terms of the basic building blocks, much like for the quark term. Finally, objects like
gBY =[1/(n-P)WTiD! iD¥ 1W] and B/, = [1/(n P)WT[iD"  ,in-D,]W] can again be eliminated

in terms of the building blocks with manipulations similar to those in , and with the use of .

The standard building blocks for ultrasoft fields and operators are the same as those in QCD, namely
ultrasoft quark fields 1,,s and ultrasoft covariant derivatives D, (from which we also obtain field strengths).
The ultrasoft equations of motion (equivalent to the QCD equations of motion) can be used to reduce the
basis for these operators. Since at leading power the n - A, field appears inside iD}s we also introduce for
latter convenience the notation

iDt, = WIiD! W, . (6.49)

The other components of the ultrasoft gauge field are power suppressed relative to the corresponding
components of the collinear gauge field, but do appear in collinear operators at subleading power (and
of course in the purely ultrasoft leading power Lagrangian). It is worth remarking about the connections
between our building blocks in Eq. and the ultrasoft operators that come from RPI and gauge
covariance. Multiplying the identities in with Wilson lines on both sides we find

iWiiDY W, = mgL +iDl | =P +gBh +iDh |,
iWlin - DW,, =7 - P +in- DX . (6.50)
Thus factors of 737’; | and 7 - P that appear in operators will be connected to higher order operators with
these ultrasoft covariant derivatives.

For constructing operators in SCET; at any order in the power expansion we have the same three
collinear building blocks in Eq. . Since the sum of soft and collinear momenta gives an offshell
momentum, we here do not need any analog of the mixed derivative in Eq. . As explained in Sec.
integrating out these offshell particles leads to soft Wilson lines S, that appear along with soft quark
and gluon fields in an analogous manner to how the collinear Wilson lines appear with collinear fields.
Therefore we have direct soft analogs of the building blocks in Eq. ,

ws(n) ) BgL(n) ) Bs(](n) ’ P, (651)
where we define the quark and gluon soft building block operators by

1o, Lros
Vs(ny = Shtvs Bl () = p [StiD" S,], Bon) = ; [Shin - DySh) . (6.52)
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6.6 Helicity Operator Building Blocks 6 FACTORIZATION FROM MODE SEPARATION
Building Block: BZiJ_ Xn: | P | Yus | Diis VYs(n) ng_(n) Bgo(n)
Power Counting: A A A A3 A2 | \3/2 A A

Table 5: Summary of building block operators for SCETT and SCET and their power counting.

6.6 Helicity Operator Building Blocks

When building operators with many collinear directions or when building operators beyond leading power,
it is useful to work with building blocks that are scalars under the Lorentz group. This can be done by
projecting the building blocks from Sec. onto objects with definite helicity, and our discussion in this
section follows that of Refs. [16] ?].

We define a collinear gluon field of definite helicity as

h=+ 1: gi = —&Fu(ni,ﬁi) B (653)

n;L,w;?

where a is an adjoint color index and the polarization vectors are defined by

b ny ) = SHDIRE) g gy iR (6.54)

V2(nn) v2[in]

The objects B, are the desired scalar gluon building block fields. For this discussion of objects with
definite helicity, we will adopt standard spinor-helicity notations (see eg. [14] ?, ?]). For instance, we have

2 u(p), = o) = 5 2 up),

1—75

7 (6.55)

bl = (p+| = sen(p”) a(p)
with light-like momentum p, and we choose a representation where the spinors for quarks and antiquarks
are related, u(p) = v(p)[| With this definition, for an outgoing gluon with polarization 4, momentum
p, p° > 0 (or an incoming gluon with polarization F, momentum —p, py < 0), and color a, the nonzero
tree-level Feynman rules are

(9% (p)|BL:10) = §°3(p; — p) (01BY:|9%(—p)) = 6“8 (pi — p). (6.56)

Here the §-function ensures that the momentum p is n;-collinear and that the label momentum w; of the
Bﬁ’i field is set equal to that of the external gluon,

~, _ 1 ni-p:(')()\2),
0(Pi — p) = Opnyypd(wi — 0y - p), Sniyp = { 0 otherwise (6.57)

The Kronecker delta is nonzero if the collinear momentum p is in the {n;} collinear equivalence class
(recalling that if n; - p ~ A% and n; - p ~ A°, that by the onshell condition p?> = 0 we automatically have
pﬁi | ~ A). The corresponding measure for this J-function is

Jar=Y" [, [ a5 —p) =1, (6.58)

{n:}

SNote that the spinor products (fin) and [An], in Eq. (6.54) depend on the choice of quantization axis for the spinors, and
hence are not automatically trivial even though n -7 = 2 (they become trivial only if the quantization axis is taken to be 7).
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6.6 Helicity Operator Building Blocks 6 FACTORIZATION FROM MODE SEPARATION

The sum here runs over the distinct collinear equivalence classes.

We also define quark building block fields with definite helicity by

L+ & _a 1F7%
X’Lai = Txgi,—wi ? X?i = X%i,—wi 2 N (659)

For external quarks of definite helicity, with n;-collinear momentum p, the spinor appearing in SCET
Feynman rules is,

(») = L
9 4 Ty

Up, = [pE)n,, (6.60)

where [pt),, is a convenient short-hand spinor-helicity style notation for the projected spinor, and is
proportional to |n;£). Using this, we get the nonzero tree-level Feynman rules for incoming (p° < 0) and
outgoing (p' > 0) quarks with definite helicity & and color a (or @),

<0|X@\Qi(—p)> = 5,3@_ 5(Bi — p) |(=pi)£), - <Qi(]3)‘5<§i‘0> = 6P 5(pi — p) i (it
(0|23 (—p)) = 6P 5(Bi — ), ((—pi)£] , (D)X |0) = 6%%6(5; — p) Ipit),, . (6.61)

Unlike B;+, the quark building blocks x¢, still carry an (implicit) spinor Lorentz index, and hence are not
scalars. This can be rectified by grouping the quark building blocks into contracted pairs in currents of
definite helicity. The appropriate currents include those that involve quark building block fields in distinct
collinear sectors, n; # n;,

5 2 el(niyng) .
h=+ 1: Jol = T ) ca B 6.62
i+ + \/:w] <nj + |nzi> Xi+ Py,LLX]i ( )
_ 2 B N B
h=0: . R ghas _ 2 a8
90 7 ey [nang] N )
and those involving two collinear quark building blocks in the same collinear sector,
1 ap 1

i R Jw_— - ga g B
2\/@ XerﬁzXH—’ i0 2\/@ Xzfﬁzxz—7

A 2 el (7”1,Z ﬁl) -
h=-=+1: J2 =1 . X Yyt X
L Wy Wy (<nz F |T_Li:|:>)2 A

Together, the currents in Eqs. (6.62) and (6.63)) are sufficient to construct any operator that has multiple
collinear quarks. The choice of spinor factors in these currents is such that the tree-level Feynman rules
for these currents are all trivial. For example,

h=0: JoP = (6.63)

(0 (1) (p2)| T522(0) = 2 124) 501815520255, — )5 (s — pa) (6.64)

where for generic momenta the phase is nontrivial, ¢i®(J12+) # 1, for the common situation where p;| =
pot = 0 one does have e®/12+) = 1. The complete set of Feynman rules for the quark currents can be
found in Refs. [16] ?].

Finally we can also decompose P/ into scalar operators of definite helicity
h = +1: Pl =P (ni,ni) = —e (ni, i) - Pis
P =Py (ni, ni) —€e"(ni, i) - PiL - (6.65)
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a af af + aB af ap a a
i+ Jiji JijO PT Jix Jio I Bus(i):t By (4)0 Aus(i)t  Fus(i)o
A A2 A2 A A2 A2 A2 A2 A2 A2 A2
apf apB ap &
Ji(us):l: Jz‘(m)i Ji(us)O Jz’(%)o J(US)Qiji J(us)QiJO
A A 2 24 A6 A6

Table 6: Complete set of helicity building block operators in SCET; and their power counting. The
complete set of ultrasoft currents shown here are not all defined in the text, but can be found in Ref. [?].

It will always be clear from the other field content which collinear sector i the operators Pi are acting on,
so we can freely suppress this index. It is important to emphasize that the subscripts 4+ here refers to the
helicity about the 7, axis, and not the lightcone components of the momenta.

In addition to the collinear building blocks, it is also desirable to have scalar building blocks for the
ultrasoft (and soft) fields. For scalar ultrasoft gluon and derivative building blocks we define

h ==L Bl = —€u(ns i) B, Qus(iyx = —€xplni, ;) O,
h=0: BZS(i)O = ﬁMBZf:(i)’ 8us(i)0 = ’Fliuaﬁs s (666)

Note that we allow st(i)o as a building block because removing it by the gluon equations of motion would
come at the expense of allowing inverse ultrasoft derivatives in our operators. On the other hand in-3d,s can
always be removed from operators beyond the leading power Lagrangian by using the equation of motion,
and without introducing inverse derivatives. Examples of quark currents with ultrasoft quark building
blocks include

5 2 ek (nz T_Lz) - - et (nZ n) _
h=4+1: J%¥ == T X B g, = B e s
i(us)t \/OTZ <nZ F ’nzi> Xit 7ﬂwus(1)i (us)2ij+ <nj T ’n2i> us(z)iyﬂwus(j)i
_o. g3 _ |2 a8
h=0: Jigo = o Xit Vs (i)— - (6.67)

The complete set of definite helicity scalar building blocks for SCET} is summarized in Table [6] including
the full set of ultrasoft currents whose definitions can be found in Ref. [?]. Beyond leading power there
are also nontrivial angular momentum selection rules that must be obeyed when constructing operators,
and we refer to Ref. [?] for a detailed discussion. For SCETq; the building block fields for soft gluons,
derivatives, and quark currents are defined in a manner that is exactly analogous to the ultrasoft building
blocks discussed above.

As an example of the advantages of using the helicity operator building blocks, consider using the
traditional SCET building blocks in Table [5|to build a basis of four quark operators or four gluon operators
involving four distinct collinear directions,

0 = 38 TixE X7 Taxl, (6.68)

abed __ pppa vb oc dd
O — Bnlj_anJ_BngJ_Bn4J_F/U/U5 .

Here I'y, T'2, and I, are shorthand for all possible Lorentz and Dirac structures, and to determine a
basis we must enumerate the minimal number of such structures. In general this is a non-trivial task. On
the other hand, using the helicity operators there are four independent helicity operators for the quark
process at leading power [16],

& B~6 & o7 aByd o) o)
Oy =Tl T OFD) = TL 0
aB~68 & o7 a By ol o)
O(a,ﬁ;l) = Jf;ﬁ— Jg4+ ) O(a,ﬁl) = J1a25— J?Y4— ) (6'69)
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and five operators for the gluons at leading power,

Oibf-lk —a %+BI2I+B§+BAC§+ ) Oibii— ~ 3 f+BS+B§+BZ_
1 1
Ot = B BB By Ol = B} B} B§ B,
1
obed = IB%_BS_Bg_BZ_ : (6.70)

Thus we see that the use of helicity building blocks dramatically simplifies the necessary Lorentz algebra.
The choice of traditional versus helicity building blocks does not change the difficulty of enumerating a color
basis. Discussion of operator color bases and the connection to the standard bases used in the amplitude
literature can be found in Ref. [16].

6.7 Convolutions in SCET; and SCETy; [First Pass]

Given the factorization of hard, collinear, ultrasoft (and soft) dynamics as described in SCET, it is in-
teresting to ask the general question of how these modes can communicate with each other. The generic
picture that emerges is that modes of the same type can communicate by sharing any component of their
momenta, while modes of different types can only communicate through momenta that are the same or-
der in A, see Table (TODO) Thus, ultrasoft and n-collinear fields can communicate by exchanging
n-p ~ A2 momenta, n-collinear fields can communicate with the hard Wilson coefficients through 72-p ~ A%
momenta, and soft and n-collinear fields can communicate by exchanging p; ~ A momenta. On the other
hand, if we have two collinear modes, such as n and #n, they can not directly communicate through any of
their momenta components. This communication will occur between soft or collinear building block fields
that are individually gauge invariant, since otherwise a gauge transformation could change the exchanged
momentum.

This communication can be illustrated graphically as shown by the example of SCET; in Fig.
where the dashed lines indicate communication between the modes through momenta that are the same
order in A. In general, when one considers a physical observable, the factorization in SCET will lead to
a factorization of squared soft and collinear matrix elements, which are individually integrated over the
respective phase space of their particles. So in SCET| we could expect convolutions between hard (H),
collinear (Cy,), and ultrasoft (U) squared matrix elements of the form

o~ /dp‘dp+H(p‘)Cn(p‘,p*)U(f)- (6.71)

The choice of observable and its factorization properties will also influence the convolutions between
functions H, C,, and U. Several explicit examples will be explored for both SCET; and SCETy; in

Secs. (9 14).

7 Wilson Coefficients and Hard Dynamics

We now turn to the dynamics of SCET at one loop. An interesting aspect of loops in the effective theory is
that often a full QCD loop graph has more than one counterpart with similar topology in SCET. We will
compare the SCET one loop calculation for a single hard interaction current with the one loop calculation
in QCD. Our goal is to understand the IR and UV divergences in SCET and the corresponding logarithms,
as well as understanding how the terms not associated to divergences are treated.
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0N+

p?=Q’
O\
Q}\,Z_ p2: AZ

]72:A4/Q2
| |
o on  oN )p+

Figure 13: Convolutions that can occur between hard, n-collinear, and ultrasoft modes in SCET} can only
occur between momenta that are the same order in the power counting, as shown by the dashed line in
this figure.

In our analysis we will use the same regulator for infrared divergences, and show that the IR divergences
in QCD and SCET exactly agree, which is a validation check on the EFT. The difference determines
the Wilson coefficient for the SCET operator that encodes the hard dynamics. This matching result is
independent of the choice of infrared regulator as long as the same regulator is used in the full and effective
theories. Finally, the SCET calculation contains additional UV divergences, beyond those in full QCD,
and the renormalization and anomalous dimension determined from these divergences will sum up double
Sudakov logarithms.

We will give two examples of matching QCD onto SCET, the b — sy transition, and ete™ — 2-
jets. The first example has the advantage of involving only one collinear sector, but the disadvantage
of requiring some familiarity with Heavy Quark Effective theory for the treatment of the b quark and
involving contributions from two Dirac structures. The second example only involves jets with a single
Dirac structure, but has two collinear sectors. In both cases we will use Feynman gauge for all gluons, and
dimensional regularization with d = 4 — 2¢ for all UV divergences (denoting them as 1/¢). To regulate the
IR divergences we will take the strange quark offshell, p? # 0. For IR divergences associated purely with
the heavy quark we will use dimensional regularization (denoting them 1/eig to distinguish from the UV
divergences).

7.1 b— sy, SCET Loops and Divergences

As a 1-loop example consider the heavy-to-light currents for b — sv. Although there are several operators
in the full electroweak Hamiltonian, for simplicity we will just consider the dominant dipole operator
Jl?,,CDF H where F),, is the photon field strength and the quark tensor current is

JOCP — 5%, [ =o"Pg. (7.1)

In SCET the corresponding current (for the original Lagrangian, prior to making the Y, field redefinition)
was

JSCET _ (SnW)FhUC(v . nfT) = /dw C(w) Xnwlhy . (7.2)
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In general because of the presense of the vectors v#* and n* there can be a larger basis of Dirac structures
I' for the SCET current (we will see below that at one-loop there are in fact two non-zero structures for
the SCET tensor current). Note that the factor of v - n makes it clear that the current preserves type-111
RPI. We will set v -n =1 in the following.

Together with the QCD and (leading order) SCET Lagrangians, we can carry out loop calculations with
these two currents. First lets consider loop corrections in QCD. We have a wavefunction renormalization
graph for the heavy quark denoted b, and one for the massless (strange) quark denoted g¢:

This gives the wavefunction renormalization factors Z,, and Z¢ respectlvely. In the “on-shell” scheme
which includes both the UV divergences and the finite residues these Z-factors are

CMSCF 2 2
Zy, =1— L++31n2+4]

41 €IR my
asCF p
Zy =1— ——1In 1] . 7.3
v i L 2T } (7.3)

(If one instead uses MS for the wavefunction renormalization factors, then the finite residues still show up
in the final result for the S-matrix element due to the LSZ formula.) The remaining diagram is a vertex
graph for the tensor current JRCP. At tree level the matrix element gives

chd S(p)PR igwjub(pb) (74)
while the one-loop diagram
QGGGGFO\%\
o 3
b, s @ - p
= X >
gives
Vied = _asCr In” <_p2> +21In (_pQ) f2+71n( p2> +2In— —31n— + f1(1 = ¢®)| asPgric™u
o am m; mj 2 TR
a,C on HoV M
+ OO 0 ) P (T, (7.5)
7 mb

where we have kept p? # 0 only for the IR singularities, and set it to zero whenever it is not needed to
regulate an IR divergence. The variable ¢* = (p, — p)*/m? =1 — 2py, - p/m? and the functions appearing

in Eq. (7.5) are
file) =) + :
z) =In(x =
1 (1-a)
Unlike for the conserved vector current, in QCD for the tensor current the sum of vertex and wave-
function graphs still contains a 1/e UV divergence. Hence this QCD local current operator requires an
additional counterterm not related to strong coupling renormalization, and it is given by

asC’Fl
A €’

In(z) 4 2Lis(1 — z) + 72, fo(x) = In(z). (7.6)

(1)

Ztensor =1+ (77)
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Adding together the QCD vertex graph and the contributions from the three Z’s, and replacing the
kinematic variable > = 1 — 7 - p/my = 1 — w/my, the sum gives

1 1 _
QCD Sum = Vcd + |:§(Z¢b - 1) + §(Z1ZJ - 1) (Ztensor - )} chd
2 2 2

= —ﬂsfuba‘;ip [an <i> —l—gln(_p ) —i—i-i-ln('u ) —I—fl( b> +5]

w? w? €IR 2

o =— =

Next consider the ultrasoft loops in SCET. In Feynman gauge the ultrasoft wavefunction renormal-
ization of the collinear quark vanishes, since the couplings are both proportional to n*, and n? = 0. The
ultrasoft wavefunction renormalization of the heavy quark is just the HQET wavefunction renormalization.
We summarize these two results as:

Cpr2 2
g@% 7285 o iy, = 0, é@@é} Zus _1+O‘5F<7——). (7.9)
R .— " At \e €Rr

We can already note that the 1/eg pole in Zy® matches up with the IR pole in Zy, in full QCD (and this is
the only IR divergence that we are regulating with dimensional regularization). In addition to wavefunction
renormalization there is an ultrasoft vertex diagram for the SCET current. Using the on-shell condition
v - pp, = 0 for the incoming b-quark, and the SCET propagator from Eq. for a line with injected
ultrasoft momentum, we have

'k P new
(v-k+1i0)(n-k+p?/a-p+i0)(k? +i0)

— VL = (ig)2(—i)i2CpiinTu, /

I B
1 asCp |1 2 Wi - p o [ HA-D 372
Vs = =40 Lz +elho (m) +2In (m) e Vicet (7.10)
where the tree level SCET amplitude is
Vvscet = upl'uy, (711)

and (¢ = (47)~e“'Z ensures that the scale p has the appropriate normalization for the MS scheme. Note
that this graph is independent of the current’s Dirac structure I'. On the heavy quark side the heavy-
quark propagator gives a P, = (1 + 9)/2, but this commutes with the HQET vertex Feynman rule and
hence yields a projector on the HQET spinor, P,u, = u,. On the light quark side the propagator gives
a 171/2 and the vertex gives a /2 to yield the projector P, = (iti)/4 acting on the light-quark spinor,
P,u, = u,. Hence whatever I' is inserted at the current vertex is also the Dirac structure that appears
between spinors in the answer for the loop graph. For this heavy-to-light current this feature is actually
true for all loop diagrams in SCET, the spin structure of the current is preserved by loops diagrams in
the EFT. For ultrasoft diagrams it happens by a simple generalization of the arguments above, while for
collinear diagrams the interactions only appear on the collinear quark side of the I', so we just need to
know that they do not induce additional Dirac matrices. (This is ensured by chirality conservation in the
EFT.)

Lets finally consider the one loop diagrams with a collinear gluon. There is no wavefunction renormal-
ization diagram for the heavy quark, since the collinear gluon does not couple to it. There is a wavefunction
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renormalization graph for the light-collinear quark

> Cras (1 —p? Cpas /1 —p?
:---:ﬁ_pi Fas(f—ln—p-i-l), so  Zg, =1-— Fas(f—ln—p —l—l).
S & __ D, 2n-p 4m \e w? n Ar \e 112

(7.12)

We have not written out the SCET loop integrand, but it follows in a straightforward manner from using
the collinear quark and gluon propagators and vertex Feynman rules from Fig. @ Note that the result for
Ze, is the same as the full theory Z,,. This occurs because for the wavefunction graph there is no connection
to the ultrasoft modes or the hard production vertex, and by itself a single collinear sector is just a boosted
version of full QCD (and Z; is independent of this boost). There are also no subtelties related to zero-bin
subtractions for this graph (the subtraction integrands are power suppressed and therefore the subtraction
vanishes). There is also a diagram generated by the two-quark two-gluon Feynman rule, but this tadpole
type diagram vanishes with our choice of regulators. There is also a tadpole type diagram where two gluons
are taken out of the Wilson lines in the vertex, which also vanishes, ie.

(7.13)

The last diagram we must consider is the collinear vertex graph with an attachment from the Wilson
line going to the collinear quark propagator,

i ) ﬁ (pe + ke)
= —ig C'Funruv N i Z / (n - ke k%) (k —I—p)
ke # 0

ke # —pe

= —ngCFUnFuv an ) (7.14)
Here each momentum has been split into label and residual components k = (k', k') and p = (p}, p;").
There are no +-momenta in the label components, and the only residual component for the external p is
its +-momentum. For reasons that will soon become apparent, we have used a short hand notation for the
relativistic collinear gluon and quark propagators, which in fact contain a mixture of label and residual

momenta,
K=k k= k2 (k+p)* = (b +p")(k; +0;) = (kg +57)°, (7.15)

and are homogeneous in the power counting with k% ~ p? ~ A\2. We have also introduced the notation
with a hat, V.1, for the collinear loop integrand.

In general in collinear loop integrals there can be a nontrivial interplay between the Wilson coefficients
and the large collinear loop integration, because both depend on a momentum that is the same size in the
power counting, namely the large minus momenta, k= ~ ). When matching at one-loop, O(as), in some
cases the tree level hard matching coefficient we insert might be independent of the loop momentum k™.
In this case we can insert it back into the calculation only at the end. Even in this case it must be included
when considering the renormalization group evolution, because the sharing of large momenta can lead to
convolutions in the RG evolution equations. We will meet an example of this type later on when we discuss
the running of parton distributions for a collinear proton. For our example of the heavy-to-light current
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for b — sv, things are actually simple for a different reason. The SCET operator in Eq. contains
only a single gauge invariant product of collinear fields, (£,1W), and the Wilson coefficient only depends
on the overall outgoing momentum of this product. Therefore if we include a coefficient into our diagram
in Eq. it gives only dependence on the total external momentum

Clan-(p+k)+n-(=k)]] =C(n-p). (7.16)

This result remains true for collinear loop diagrams at higher orders, so the coefficient can always be treated
as multiplicative for this current, and the coefficient is always evaluated with the total —momentum
of the collinear jet, which in this case is n - p = my. Indeed, even when we have collinear fields for
multiple directions, the large momentum are still fixed by the external kinematics as long as we have only
one(gauge invariant product of ) collinear fields in each direction. In this case the Wilson coefficient for the
hard dynamics remains multiplicative in momentum space. (And we remark that this is the case that is
predominantly studied for amplitudes for LHC processes with an exclusive number of jets. In general the
coefficient will still be a matrix in color space once we have enough colored particles to give more than one
possibility for making an overall color singlet (4 particles). There is only one possibility for the current
example and hence no matrix in color space.) When we have more than one block of gauge invariant
collinear fields in the same collinear direction then this will no longer be true, there will be momentum
convolutions between the hard coefficient C' and the collinear parts of the SCET operator.

To perform the collinear loop integration in Eq. we should follow the rules from section on
combining label and residual momenta. As a first pass we will ignore the 0-bin restrictions k, # 0, —py.
In this case we can apply the simple rule from Eq. . Results following this rule in SCET; are often
called the naive collinear integrals. Since only momenta of external collinear particles appear in the loop
integrand the multipole expansion is trivial for this integral, and this gives the same result that we would
have obtained by ignoring the split into label and residual momenta from the start:

inaive  2e e [@k(n-a) (@ (p+ k)
R R e

1 2 2 2 2 Nar 2 2
=—|5+-+-In{— 1 — 2In | — 4——1. 1
(@r)? LQ + . + cn (—p2> +In <—p2 +2In - + 6 (7.17)

This result for the loop integral can be obtained either with standard Feynman parameter rules or by
contour integration in k™ or k~. Feynman parameter tricks and other equations that are useful for doing
loop integrals in SCET are summarized in Appendix

Having assembled results for all the SCET loop graphs we can now add them up to obtain the bare
SCET result

1 1
Sum SCET = V), + V! + [Q(Z”j — 1)+ 5(Z, - 1)] Vo

scet

(7.18)

and then compare with the full QCD calculation, setting the renormalized coupling g? = 4ras(p). For the
moment we still will label our SCET result as naive since it ignores the 0-bin restrictions. If we examine
the IR divergences encoded in the In(—p?) factors (and the 1/er from the heavy quark wavefunction

renormalization) then we find for I' = Pric*” that at leading order VO?Cd = VI, and

s 2 2 1
(Sum QCDyren — — “CF [m? <p2>+3ln<p2>++...] VOit...,

4m my 2 my €IR
, asCr —p? 3 —p? 1 1 5 2 m
Sum SCET)"v¢ = — == |In? [ - )+ In( = |+ — - —— - = In(—)+...[|VY,.
(Sum ) 4 [n (m%) T3 n(mg +61R 2 2% e mp * scet
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Thus the results match up in the IR (as long as the remaining 1/e terms in the SCET result can be
interpretted as UV divergences). To obtain this result for the sum of the SCET diagrams there is an
important cancellation between the collinear and ultrasoft diagrams, In(—p?/u?)/e — In[—p?/(un - p)]/e =
In(72 - p/u)/e = —In(u/my) /e. The cancellation of the In(—p?) dependence in this 1/e pole is crucial both
to match the IR divergences correctly in QCD, and in order for the remaining 1/¢ pole to possibly have
an ultraviolet interpretation. The remaining dependence on 7 - p = my, in the 1/€ pole is fine because this
is the large momentum that the Wilson coefficient anyway depends on. This same cancellation also has a
reflection in the double logarithms where the In(u?) dependence cancels out from the In?(—p?) dependent
term. Again this cancellation is important for the matching of IR divergences with the full theory.

The final catch is related to our use of the naive collinear integrand is the interpretation of the 1/e
poles from the collinear loop integral. The 1/e divergences from the ultrasoft vertex diagram are clearly
determined to be of UV origin (from large euclidean momenta or large light-like momenta). However in the
collinear vertex diagram with the naive integral one of the divergences actually comes from - k£ — 0, and
hence is of IR origin. This IR region is actually already correctly accounted for by the ultrasoft diagram
where the heavy quark propagator is time-like, v - k + ¢0, as it should be in the infrared region. In this
region the original propagator does not behave like - k. The 7 - k term which comes from the collinear
Wilson line W is instead the appropriate approximation for large n - k, rather than small n - k. Thus the
issue with the naive collinear loop integral for the vertex diagram is that is double counts an IR region
accounted for by the ultrasoft diagram. This double accounting is removed once we properly consider the
0-bin subtraction contributions. Therefore we apply now the rule with the 0-bin subtractions ky # 0, —py

using Eq.(4.72) to obtain

A .n)n - k) (n . ﬁ) n- p R . . )
1__, 2€c¢ d’dk (n TL) n (p + o — Y/ Lnaive _ y71,0bin 9
e / (n-k)k2(k+p)?2  (n-k)K2(R-pn-k+p?) Va Vi (7.20)

It is easy to see where the 0-bin integrand comes from because it can be obtained from the appropriate
ultrasoft scaling limit of the naive collinear integrand. For k; # 0 we have a subtraction for the region
k¢ ~ A% where we only keep terms up to those scaling as A~®, which gives precisely the integrand in
Eq. denoted as V;i'®"™. The terms with n - k and 7 - k in the denominator count as A2, while the
term with k2 ~ \* to give the eight powers that compensate the d%k ~ A8 for the subtraction. Note that
we have kept the offshellness 0 # p? ~ A2 since it is the same order as the (n - p)(n - k) term. The other
subtraction is k; # —p; so we have the subtraction region k; + py ~ A2. For this case one of the factors in
the denominator is -k — —n-p ~ A? (and there is suppresion from the numerator as well) so there is no
contribution at O(A~%).

Being more careful about the UV (1/e) and IR (1/€r) divergences we find

N i 2 2 2 w2 2 2 U w2 u? 72
{r1maive _ T L N (7_7)17 2t pomt va- 2,
" (47)? [61R6+6+61R n—p2+ € €R nﬁ‘p+ ! —P2+ n—P2+ 6
NI ) 2 2 1 u? s
Vl,Obm — v s _ 2 4t ln £ —In 2
" (47m)* e  em] L€ A 2 Tapl’
,_aCp[2 2 2 s Yo 5 ?

So we see that the subtraction cancels the 7 - ¢ — 0 IR singularities 1/eg in the first line. The UV
divergences arising from n - ¢ — oo are independent of the IR regulator and just depend on the UV
regulator €. Since the 0-bin contribution is scaleless with our choice of regulators, taking eig = € and
ignoring this subtraction would give us the correct answer. Nevertheless, even with this regulator the 0-bin
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contribution is still important to obtain the correct physical interpretation for the divergences. E]
Since the final result after subtracting the 0-bin contribution is the same as in Eq. (7.17) with the

1/e poles all now known to be UV, we can determine the appropriate UV counterterm to renormalize the
SCET current. Defining

Che (. €) = Ze(p,w, €)Cp,w) = C + (Zo — 1)C, (7.22)

and adding the counterterm graph with (Z¢ — 1)C to cancel the 1/e poles in MS gives

. Crag(w)1 1 p* 5 )
Zo(pw,e) =1 - =20 (g “n ks 2) +0(a?). (7.23)

(Where by momentum conservation w = mj.) We can now add up the collinear and ultrasoft loop graphs
to obtain the final renormalized SCET result, and compare with the renormalized QCD result

s oy =~ [ () + S () +2m (2) () + 3

A7 w? w?
C T "
045 FfQ( )’L_LSPR(pr Py )

my,

1 1
(Sum SCET)™ = Vi, + V! + [2<Zﬁ: U+ (e, 1)+ (Ze - D] Vi

up ,

_osCr [GllR + In? <_wp22> + ;ln (;];2) — 21In? (5) + HT;T - 7] Vet - (7.24)

From these two results we see that the renormalized QCD and SCET have the same infrared divergences.
The difference of these results is determined by ultraviolet physics and determines the one-loop matching
result for the MS Wilson coefficients Cy(u,w,myp) and Ca(u,w,myp) that multiply the SCET operator in
Eq. for the Dirac structures I' = I'y = Pgic*” and I' = I'y = Pr(n*vY — n”*yjf) respectively. Only
the Dirac structure I'y was present at tree-level, while I's is generated at one-loop. Taking the difference
of the above two results and simplifying we find

Cl(u,w,mb)zl_CFais() {21 2( >+51n< >+f1<wb> Hr } ,

4 12

Cras
Colpt,w,my) = Fzr(“);m fQ(mib) . (7.25)

7.2 ete — 2-jets, SCET Loops

In this section we perform the matching from QCD onto SCET for the process ete™ — 2-jets. This
matching will be independent of the details of the kinematical constraints that are used to enforce that we
really are restricting ourselves to have only 2 jets in the final state, which will all be contained in the long
distance dynamics of the effective theory. Indeed, the fact that we can successfully carry out this matching
at the amplitude level makes it clear that it does not depend on which constraints we put on the phase
space of the 2-jet final state. Once again, it will also be independent of the choice of IR regulator as long
as the same regulator is used in both the QCD and SCET calculations. We will use Feynman gauge in
both QCD and SCET, and take d = 4 — 2¢ to regulate UV divergences and offshellness for the quark and
antiquark, pg = pé— = p? # 0, to regulate all IR divergences.

"For other less inclusive calculations or for other choices of regulators (such as Q3 < Ei <A, 0% < (k)2 < A2) the
subtractions are even more crucial to obtain the correct result and have the UV divergences independent of the IR regulator.
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In full QCD, the production of hadrons in eTe™ collisions occurs via an s-channel exchange of a virtual
photon or a Z boson. The coupling is either via a vector or an axial vector current and is therefore given
by

JP = GT,q, Ty =gv*, Ta=gar, (7.26)

where gy, 4 contain the electroweak couplings for the photon or Z-boson (for a virtual photon gy = e, the
electromagnetic charge of the quark ¢, and g4 = 0). In SCET the current involves collinear quarks in the
back-to-back n and n directions

JOCET — (gﬁWﬁ)FiC(Pgapm M)(Wq];fn) - /dw dw' C(w,w') X Li Xnw - (7.27)

By reparametrization invariance of type-III the dependence on the label operators can only be in the
combination ww’ inside C, so

C(w,w) =C(ww') . (7.28)

Finally in the CM frame momentum conservation fixes w = w’ = @, the CM energy of the eTe™ pair, so
we can write

JIHET = C(Q?) (&aWa) T (Wi&n) (7.29)

and the matching calculation in this section will determine the renormalized MS Wilson coefficient C(Q?, u2).
In this case there is only one relevant Dirac structure I'; in SCET for each of the vector and axial-vector
currents.

We again begin by calculating the full theory diagrams. As in the case of B — Xy we need the wave
function contributions for the light quarks, in this case one for the quark and one for the anti-quark. Both
wave function contributions are the same as the results obtained before

OéSC r |1l —p2
Zy=1-— ——In—+1]. 7.30
p=1- B Ty (7.30)
The remaining vertex graph can again be calculated in a straightforward manner. At tree level we find
Va = @(pn)Tiva(pn) (7.31)
while the one loop vertex diagram
~
Py
P

gives

d i i(f — pg
Voed e / (;iﬁl;d ig (pg)y T (,i%++p}: ;2 T (l(fé_ p]j ‘;; igYa T4 v(pg) 12
_ e [ A% _ % (F+P)Ti (K — P) va
= O [ ) G e e 0

s 1 2 2 N2 _; 9 2
= a4CF [ —om? 2 ym? Q@ -i) _ 2r a(pq) T'iv(pg) - (7.32)
0

p Q? Q? 112 3
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Here (¢ = (471)e“7F ensures that the scale p has the appropriate normalization for the MS scheme. Adding
the QCD diagrams we find

QCD Sum = VL + 2[ (Zy—1)| Vit

SC 2 2 _
= [ 21 2%_31 %—1 = } a(pg) T v(pg) - (7.33)

As before, we next consider the loops in SCET. The wave function renormalization for the collinear
quark is the same as in the previous section, and we find

us CFa8 ]' _p
28 =0, Ze=1-=2(c-mh41). (7.34)

The tree level amplitude in SCET is V2 = @n(py)liva(pg), and to leading order Vc?Cd = V9, The
ultrasoft vertex graph in SCET involves an exchange between the n-collinear and n-collinear quarks,

*/
Q‘X ti
NN

and is given by

V1 — /(ddk’ i, (ig ﬂnaTA) i n-pg T, i;%n.;—n:]?q) ; (ig%ﬁaTA> . (—1)

usoft 27T)d 2 2ﬁpan+p3
Wi ok d'k n-n

= zg2C,uL( 4F14v> (27T)d(n.k+i)<ﬁ.k+i>k2

npg npg

asCr [ 2 2 —pt , —p* 7

In

2Q2 B M2Q2 9

There are two possible collinear vertex graphs which involve a contraction between the W, [n - A,] Wilson
line and a n-collinear quark, and another between the W5[n - A;] Wilson line and the fi-collinear quark

}
e “p,

\\
x\

] i (po) i (py) (7.35)
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For the first diagram, we find

_ogee [d% T pnt LR AR ] 7
CI /(%)dl‘qun [n MR Yy _ﬁ-pﬁ~(p+k)]2TA

i (p+k) a4 (1)
’ —g— T Divp
) (p+k)? ( 7k ) 2
. dk (n-n)n-(p+k)
2 2€ € m
g Crpp L /(271')‘1 ai-k (p 4 k)Q k2 u v
asCp[2 2 2 —p*  4—p? —p? ]
— S+ -—"ln— +In®* — —2In —- + 4 — —| #n(py) Tiva(pg) . 7.36
o [62 + c T n .2 +In 2 n 2 + 6 Uu (pq) v (pq) ( )

One can easily show that the second collinear vertex diagram gives the same result as the first diagram.
Furthermore the collinear integral here is identical to the one for b — sv in Eq. . The result in
Eq. is for the naive integrand, since it does not include the 0-bin subtraction contribution. But the
0-bin subtraction terms here are scaleless as in Eq. , and hence the final result in Eq. is correct
with the interpretation of the 1/e divergences as UV.

Adding the SCET diagrams we find after some straightforward manipulations

1
SCET Sum = VL, + 2V, +2 [i(zé — 1)} Vo, (7.3
asCr 2 3 2. —@Q? ) u2 ) 12Q? 12 5721
= - +-—-1 21 -1 3ln — +7— — | w05
A7 [62 e ¢ n 2 +2In - n - + n_p2 + : inlivn
OésCF 2 3 2 —Q2 9 p2 9 _Q2 p2 _Q2 571'2 B
= - +-—-1 —2In* — +1 —3ln-— — 31 QR 7S A
A7 [62 c e n 112 n 02 + In 2 nQ2 n 2 + G anLivn

Comparing the In(p?) dependence in the final line to the QCD amplitude in Eq. We can see that
SCET reproduces all IR divergences of the form Inp?/Q?, and that the matching coefficient is therefore
independent of IR divergences as it should. However, while the matrix element of the full QCD current is
UV finite (since it is a conserved current), the matrix element in the effective theory is UV divergent and
therefore needs to be renormalized. Defining a renormalized coupling by

C(Q,€) = Zc(Q, 1, €)C(Q. p) = C(Q, 1) + [Zc(Q, py€) — 1]C(Q, 1) (7.38)
the renormalization constant that cancels the divergences in Eq. ([7.37)) is
Cras(u) [ 2 3 2 —Q? -0
Jo=14—" |- ——+-In|{—— | . 7.39
¢ + 47 €2 € + e 112 (7.39)
Taking the difference between the renormalized matrix elements in full QCD and SCET,
. 2 2 972
(QCD sum)™" = a(fgCF [—21112 % —3In % -1- 73T] w(pn) i v(pn) (7.40)
ren Oés(,u)CF 2 p2 2 _Q2 p2 _Q2 5772 _
(SCET sum)™" = 4 [—21n @—i—ln 2 —31n@—31n 2 —1—7—? wLivs
we obtain the matching result for Wilson coefficient of the operator in Eq. (5.37)) at one-loop order
Cras(p) o (—Q%—i0 —Q*—i0 w2
=14 ——=1-1 — In{ —— | — — . 41
C(@up) =1+ = | (2B ) s (<SR ) s (7.41)
If we choose the renormalization scale to be equal to (), we find that all logarithms vanish
Cras 72
CQ,Q) =1+ FZ‘W@) [—8 + % - 32’7@ . (7.42)
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7.3 Summing Sudakov Logarithms

As all perturbative objects that require renormalization, the Wilson coefficient in Eq. depends on
the renormalization scale p. Since the Wilson coefficient depends dynamicallly only on a single scale @,
the only dependence on p is through logarithms of the ratio of the renormalization scale to the hard scale
(. This dependence signals that it captures offshell physics from the hard scale () that we are integrating
out. One can show that for each order in perturbation theory two extra powers of logarithms of /@ arise.
If we were to choose a renormalization scale that was very different from the hard scale @), the logarithms
would become numerically very large and could destroy the convergence of the perturbative expansion.

As already seen, by choosing y = @, all logarithmic dependence vanishes, making the perturabative
expansion at this scale choice well behaved. To obtain the Wilson coefficient at a different scale, one can
now use renormalization group evolution, which sums the logarithms to all orders in perturbation theory.

With the information from either of the last two sections, we can calculate the anomalous dimensions
of the opertors or Wilson coefficients. Taking

d

Y ~bare
e ()

0=p d [Zo(p, €)C ()] = [uiZc(uve)}C(u) + Zc (s €) [M;LC(M)} : (7.43)

M dp
we see that the anomalous dimension is defined by a derivative of the counterterm

) = =25 (0.0 [ Ze(s )] Cla) = 20 (7.44)

To calculate the p derivative we should recall the result for the derivative of the strong coupling in d
dimensions

d
Hp s €) = —2eas(,€) + Blas], (7.45)

where [as] is the standard d = 4 QCD beta function written in terms of o (p, €).

Lets apply this to our two examples in turn. The counterterm for the b — sy current is

C 1 2w b
szlfm _ —ln— — . 4
c 62+€nw+26 (7.46)

Using the definition of v¢ in Eq. (7.44) we find

d Cras(u,e) (1 +21nu+5>
€ w

., o d 1
el w€) = pag = €2 2¢
S ) 2 2
_ COras(p,€) <__41n“—5+) +0(a?),
Am € w €
__osw) 2Cr In w +5CF (7.47)
4 w? 7

where we differentiated both as(p) and the explicit In(u), noting that the 1/e terms cancel to yield a well
defined anomalous dimension in the € — 0 limit which is given on the last line.

Similarly, the counterterm for the eTe™ — dijets current is

. s 2 2. Q% —i
det:1+OFZ7T(N) {_@_Z)Jreln (QZO)} (7.48)
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so the anomalous dimension is obtained by

2jet d CFaS(M? 6) 2 3 2 :u2
e (1, Qs €) M am etttk (m)
Cras(p,e) [—4 u? 4 9
B A Vot A N S P (B o
4w € 0 n(—QQ—iO) + € +0(es),
_ _O‘sw) p
e [4CF In (_ 5= Z,0) + GC’F] . (7.49)

Again in the last line we have taken the ¢ — 0 limit. Note the similarity in the form of the anomalous
dimensions for our two examples of Wilson coefficients. Both anomalous dimension equations for C'(u) are
homogeneous linear differential equations because in both cases the operator mixes back into itself. They
both take the form

MC;L In C(we, p) = az(:) [p; I'f In Cj;) + 700] : (7.50)
where I'} =4 Cp. For b — sy we have
p T A, A A (751
while for ete™ — 2jets we have
pat = 2, Vet = —6Cp, wi™ = \/-Q2 —i0 (7.52)

An interesting feature of the anomalous dimensions in Eq. is the presence of a single logarithm,
In(1?), and we will show in Sec. |§| that no terms with more than a single logarithm can appear in the
hard anomalous dimensions. The coefficient of this single logarithm is related to the cusp anomalous
dimension that governs the renormalization of Wilson lines that meet at a cusp angle 3;; between lines
along the four vectors n; and n;, where cosh 8;; = n; - n;/[|ni||n;|]. In the light-like limit n?, n? — 0 we
have B;; — oo. The cusp anomalous dimension is linear in 3;; in this limit, which yields a logarithmic
dependence on 2n; - n;/[|ni||n;|] since cosh B;; ~ €% /2. In SCET, this divergence has been handled by the
renormalization procedure, and hence has become a In(u?). Indeed, if we consider making the BPS field
redefinition for the dijet current we get Y, Y7, so it is clear that our ultrasoft diagrams involve two light-like
Wilson lines meeting at a cusp. In the case of the collinear diagrams we have a Wilson line W,, that meets
up with a collinear quark &,, and in doing so also effectively forms a cusp. Due to this relationship of the
single logarithm in the anomalous dimension to the cusp of two Wilson lines we have made the coefficient
of this logarithm proportional to I'§, which is the cusp anomalous dimension of two fundamental Wilson
lines at leading order.

We begin by solving the generic anomalous dimension with only the logarithmic term (in other words
where v¢ = 0. Ignoring the running of the coupling constant, this equation is trivial to solve and one finds

2
Qs pC 2 ( M

This result involves an exponential of a double logarithm, and is often referred to as the Sudakov form
factor. Since pc is negative, this amounts to a suppression that is related to the restrictions in phase
space that are intrinsic for the allowed types of radiation that our operators can emit. The Sudakov form
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factor also gives the probability of evolving without branching in a parton shower. For QCD we must also
account for the running of the coupling, and at LL order we can use the LL S-function,

d _fo o 11 4
— = =—Cp—- . 54
—5 ), bo=5Ca— 3 Trny (7.54)

Together Eqgs. (7.50) and (7.54) are a coupled set of differential equations. The easiest way to solve these
two equations is to use Eq. (7.54)) to write

dovg 27 dog 7 27 / (1) doy
dln p = =% (2= . 7.55
H= Blad ~ Fo o2 ()= 5 Loy (7.55)

and to use this result in Eq. (7.50). Using the boundary condition C(ug,wc) =1+ O(as) we then have

2m\2T% po (W day (¥ da
InC(we, p) = (—) =2 / 5 / -
( ¢ M) (ﬂo ) 47 as(po) Qg a oz2

s(WC)
/8(2) as(pg) s Qs as(wC)
ng(ﬂr[ 1 1 1 as () }
= - + In
85 Las(n)  as(po)  as(we) (048 (M0)>
Fg pcm 1 Fq pPC we
= ————(-—1+1In In Inr, 7.56
o) r )+ 2 ) (7.56)
where we used 1/as(we) = 1/as(po) + %Or In(we /o), and defined
r= s (1) (7.57)
O‘S(MO)
The solution is therefore
Ilpom /1 we\ L6 pe Inr/(280)
Clwe, ) = ex 0—1+1n7‘] — . 7.58
(o) = exp | LT )| (£2) (7.59)

This result sums the infinite tower of leading-logarithms in the exponent which are of the form, C ~
exp(—asL?—a2L3 —a2L*—...), where the coefficients here are schematic and L = In(u/j0) is a potentially
large logarithm. Again this result is called the Sudakov form factor with a running coupling. Note that
the form of the series obtained by expanding in the argument of the exponent is much simpler than what
we would obtain by expanding the exponent itself. At each order in resummed perturbation theory the
terms that are determined by solving the anomalous dimension equation can be classified by the simpler
series that appears in the exponential as follows

1 N[—L SL’“] [ SL’“} [ . SL’“} .
nC zk:(oz ) LT zk:(oz ) I zk:oz (asL) N (7.59)
Including the v term modifies the above equation to give

B rg pom /1 we\ L6 poInr/(280)

This term contributes to the NLL series, but in order to get the full NLL series one needs to include the
2-loop coefficient to the term multiplying the logarithm of p in the anomalous dimension. In the next
subsection we give the general result for the solution to the renormalizaton group equation.
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A natural question to ask is how generic are the two examples treated so far in this section? It turns
out that much of the structure here is quite generic for cases like our examples, where the w variables are
fixed by external kinematics. This will occur for any operator that involves only one building block, x,, or
BZ |, for each collinear direction n. For example, with four collinear directions we have the operator

/dw1 dwy dws dwy C(w1,we, ws, wy) [mewlr/w l’:v’mL wansJ- w3 Xn4,w4] (7.61)

and again the w;’s will be fixed by momenta that are external to collinear loops. An example where this
would not be true is if we had the same collinear direction n in two or more of our building blocks, such as

/dwl dwy C(w1,ws) [Yn’wlﬂ Xn,on] ) (7.62)

For this operator one combination of w; and we will be fixed by momentum conservation, while the other
combination will involve collinear loop momenta. This will lead to anomalous dimension equations of a
more complicated form, involving convolutions such as

:udCLC(M7w) = /dw/’Y(MacU:wl)C(:uvw/) : (7'63)

Indeed, the operator in Eq. is responsible for several classic evolution equations: i) DIS where
we have DGLAP evolution for the parton distribution functions f;/,(€), ii) hard exclusive processes like
v*1? — 7 where we have Brodsky-Lepage evolution for the light-cone meson distributions ¢, (), and iii)
the deeply virtual Compton scattering process v*p — ~vp’ where the evolution is a combination of both
of theses. It is interesting that all of these processes are sensitive to different projections of the evolution
of the single operator given in Eq. . We will carry out an example of an evolution equation with a
convolution in the Sec. where we consider DIS and the DGLAP equation.

7.4 RGE solution to higher orders

The all orders form for the anomalous dimension of our two example currents of the previous section can
be written as

rescn ) = % Leplos ()] In (“j )~ rclos(u)].
sc
cusp Z ( ) ' ’YC[Oés] = Z (Zi;)k'yc’k , (764)
k=1 k=1

where ', o] is the cusp-anomalous dimension for quarks (i = ¢) or gluons (i = g), and the one-loop
result has 'Y = 4Cp and 'Y = 4C4. The constant prefactor pc, the variable s¢ with dimension j, and
the non-cusp anomalous dimension y¢o[as] all depend on the particular current under consideration. In
order to solve the anomalous dimension equation we should decide what terms must be kept at each order
in perturbation theory that we would like to consider. Counting asIn(u) ~ 1, the correct grouping for
obtaining the leading-log (LL), next-to-leading log (NLL), etc., results is

'YC(SC’a :u) ~ [as ln(ﬂ)] LL + [O‘S + O‘? ln(:u)}NLL + [ag + ag ln(,u)] NNLL +oo (7'65)

This confirms the statement already made in the prevoius section, namely that the cusp-anomalous dimen-
sion with the In(u) is required at one-higher order than the non-cusp anomalous dimension. (Typically
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this is not a problem due to the universal form of the cusp contribution, and the fact that its coefficients
are known to 3-loop order for QCD) To solve the first order differential equation involving v¢ we also must
specify a boundary condition for C(u,w). At both LL and NLL order the tree-level boundary condition
suffices, while at NNLL we need the one-loop boundary condition, etc.

The general solution is given by

5\ wolwpc)
0(807 :u) = 0(507 ,UO) BKC(M#O) (52) (766)

with

as () da
WC’(N’ :U'O) = p£ / m Fcusp[a]

J s(po)
as(t) d o as(t) o *  da!
KC’ 22yt :/ 7 YO |Cs +10F/ —— Lcusplas / > 767)
( o) as (o) Blal] [ ] as(1o) Blos] p[ ] as(po) Blo] (

The logarithmic counting of the solution to this RGE is usually performed for InC', such that it is
helpful to write

InC(sc, 1) = C(sc, po) + Ke(p, po) +we ln <g§) (7.68)

One now expands In C' in powers of ay, but holding o In(u/puo) fixed. This gives

In Cscpr) = n 2 fur [aswo) In “} . [asmo) In “} T oe(m0) Fr [asw In ”} (7.69)
Ho Ko Ko Ko

To NLL accuracy, one can therefore write

T s T
we (1, o) = _’2’? 62{ Inr],, + [a L/:o) (r; _ g;) (r— 1)]NLL+...}, (7.70)
and
_ prly 4m 1
Kc(p, po) = — 152 { [@s(uo)<lnr+7“ 1)LL
' B B1 ;o Yoo
+|:(FO—60)(7"—1—1H7")—260IH 7"—25011'17”:|NLL+} (771)

Here r = as(p)/as(po) and the results are expressed in terms of series expansion coefficients of the QCD
B function S[ag], of T'[as] which is given by a constant of proportionality times the QCD cusp anomalous
dimension, and of a non-cusp anomalous dimension v|[as],

n+1

Bla] = ~2aq iﬁ(jﬁ) , (7.72)
n=>0

s g\ n+l s g\t
F[as] = Zrn<ﬂ) ) ")/[SCOJS] = Z’Yn(ﬂ) .
n=0

n=

Their values can be found in Appendix ?7.
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8 POWER CORRECTION IN SCET

Type Momenta p* = (+, —, 1) Fields (f) Scaling (e7) Operator Scaling
collinear Pt~ (A2 1)) énp A n-P, Wy 0

— L 2

Ab o Anps Avp (A%,1,0) Pl A

soft P~ (WA N oy /2 S, 0

A A P by
usoft EF ~ (A2, 02 0%) Gus A3 Y, A0

Aljs 22

Table 7: Power counting for SCET momenta and fields as well as momentum label operators and Wilson

lines.

8 Power correction in SCET

In this section, we explain how power corrections to SCET can be included. Power corrections can arise
from two sources: power suppressed terms in the SCET Lagrangian, and power corrections to the external
operators mediating a given transition. In this section we derive the power suppressed Lagrangian in
SCET, and also describe how power corrections to the external operators can be constructed. Before that,
however, we derive a general power counting formula, which estimates the size of the contribution to a
given process.

8.1 Power Counting Formula for SCET; [Needs Cutting down]

In this section, we will derive a general power counting formula for an aribtirary graph in SCET. This is
a shortened discussion of what can be found in [?], and we refer the reader to that paper for more details.
We begin by summarizing the scaling of the fields, momenta, label operators and Wilson lines in SCET
in Table Interactions in SCET appear either in the effective theory action or in external operators
(which are often operators or currents generated by electromagnetic or weak interactions). The full action
of SCET can be divided into four pieces

S =58Y+8%4 8%+ 8VC, (8.1)

where SU has purely usoft interactions, S° contains interactions with one or more soft fields, S¢ contains
interactions with one or more collinear fields, and SU¢ contain possible mixed usoft-collinear terms. Mixed
interactions between soft and collinear fields or usoft and soft fields do not appear in the Lagrangian at any
order. After the BPS field redefinition, interactions that mix ultrasoft and collinear fields do not appear
in the leading order Lagrangian, such that to that order SY¢ vanishes and SY, S, and S¢ are the order
A0 kinetic terms for the usoft, soft, and collinear fields. For any external operator, a scaling A\* can be
immediately assigned by adding up the factors of A associated with the scaling of its fields, derivatives,
and label operators.

Both interactions from the action and as well as from external operators appear in Feynman diagrams
as vertices. To derive a power counting of a given Feynman diagram, one needs to know how many vertices
of a given power counting are included. Thus, we introduce indexes Vki which count operators in a graph.
Here Vki counts the number of operators that scale as \* and are of type i, where the type depends on the
field content. The four vertex indexes we require are:

VkC for vertices involving only collinear and usoft fields ,
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VkS for vertices involving only soft and usoft fields ,

VkSC for vertices with both soft and collinear fields ,

VkU for vertices with only usoft fields.

Note the important point that the mixed soft-collinear operators require a separate index. As an example
of how these indexes work consider the purely collinear DIS operator [?]

1 - _ _
0 = g S Wn Z‘ C(- PP, Q1) Wy &y (8.2)
where 7-P1 = 7-PT £ 7P and C' a Wilson coefficient. It is the proton matrix element of @; that leads to a
convolution involving the quark or antiquark parton distribution functions. Since & ~ A and W,, ~ A? this
operator scales as A2. Thus k = 2, and since the operator only involves collinear fields a single insertion of
O; makes the index Vi = 1. Note that all vertices arising from the SCET action always have k > 4.

Now consider an arbitrary loop graph built out of insertions of external operators along with propaga-
tors and interactions from S. We show that such a graph scales as A%, where

S=du+4+> (k—HVE+ VP + V) + (k-8 (8.3)

Here u = 1 if the graph is purely usoft and u = 0 otherwise. We will refer to Eq. as the vertex power
counting formula. This result applies to any physical process whose infrared structure can be described
by the fields in Table Eq. expresses the important result that the power of A\ associated with an
arbitrary diagram can be determined entirely by the scaling of operators at its vertices.

Direct Power Counting and the Derivation of Eq.(5)

An intuitive method of power counting diagrams involves counting powers of A for the loop measures,
propagators, vertices, and external lines. We will refer to this as the “direct” method of power counting
and use it as our starting point. For this method it it is more intuitive to begln with indexes V7, which
are analogous to the V]g , but do not include the scaling for the fields. Thus, V7, directly count the scaling
of the vertex Feynman rules. For example, an operator &, 8 &, would be V2 = 1, whereas &, An,q & is
Ve =1.

Consider an arbitrary graph containing L’ loops and I’ propagators of type i with i € {C,S,U}, f/kj
vertices of type j, and Ef external lines of type f, where f runs over the fields in Table and d/ denotes
the scaling of a given field from the table. Counting the powers of A associated with the vertices, loop
measures, propagators, and external lines we find that the graph scales as A% with

6= K(VF+VI+VE4vl) + 4L+ 405+ 8LY — n 1€ —21° - 41V + Y "/ E/
k! f (8.4)
which we refer to as the direct power counting formula. Note that we have included a factor 7., which

encodes that the scaling of the gluon propagator is gauge dependent. In Feynman gauge 1, = 2 for all
collinear particles, however in a general covariant gauge n, = 2 for fermions, but the gluon propagator

—1 p:upl/
An Ay — F(g““ra =)

(8.5)

gives 0, = {0,1,2,2, 3 4} for the {++,+L1,+—, L1, —1,——} components We will see that the 7, gauge
dependence in Eq. is cancelled by a smular dependence in Vk, .
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To proceed we switch to the Vki indexes. The difference between the two types of vertex indexes is the
powers of A\ associated with the fields in an operator. For example, both &, 8f_ &, and &, A,J;’g &, count as

V¢ = 1. Since the fields in a vertex are either contracted with another field or correspond to an external
line we have

STEVE=DT K Vi 4+ (4—na) 1€ +21° + 41V + > el BT (8.6)
ki ki f

For each internal line two fields are contracted and eliminated for a momentum space propagator. The
difference in scaling of the two fields and the propagator induces the I’ correction terms in Eq. . For
instance two collinear fermion fields scale as A2 on the LHS. If they are contracted then a (4 — 1.)I¢ =
(4 —2)I¢ = 2I¢ term accounts for them on the RHS. The E/ terms account for them if they are not
contracted. In a similar way, each soft propagator or external line is also accounted for. The most non-
trivial contraction is that of two collinear gluon fields A}, A” since their scaling is inhomogeneous. However,
it is straightforward to see, for example in a general covariant gauge, that these contractions are correctly

encoded by the (4 — ny)I ¢ term in Eq. . Using Eq. to eliminate the V},’s from Eq. 1) leaves

§=> k(& + VP + VP + V) +4LC 4415 + 8LV — 41¢ — 41% - 81V, (8.7)
k

whose terms are now explicitly gauge independent. Eq. (8.7) can be further simplified by using Euler
topological identities, which connect the number of loops, lines and vertices in an arbitrary graph. For the
complete graph we have

(E1): DVEHVE+VIO V) + (L + L€+ 1Y) - (IS + 19+ 1Y) =1. (8.8)
k

Using this result to remove the LY — IV factor from Eq. (8.7)) leaves

§=8+> (k—=8)(V¥ + V¥ + VP9 + W) —4LY — 415 4+ 41€ 4 41°. (8.9)
k

To proceed further we consider two cases, i) graphs with purely usoft fields, and ii) graphs with > 1 soft
or collinear field. In case i) L¢ = L% = I¢ = I° = ch = Vks = VkSC = 0 and Eq. 1@' gives the final
result which is § = 8 + >, (k — 8)V}V. In case ii) we can use the hierarchy in p? of the modes in Table
I to derive additional Euler relations by removing modes one at a time, starting with those propagating
over the longest distance [?]. This is possible since the graph must stay connected when probed at the
shorter distance scales. Thus, by removing all the usoft lines in the graph one can draw a reduced graph
containing only soft and collinear modes, also of course keeping vertices that are not purely usoft. The
Euler identity for this reduced graph reads

(E2): > WVEHVE+ V) + L+ L) - (I° +19) =1. (8.10)
k

It is easy to see that (E2) can be used to eliminate the remaining terms in Eq. that depend on the
loop measures and internal lines. Using (E2) in Eq. leaves the final result (for graphs with at least
one soft and/or collinear field, ie. case ii),

=4+ (k—)(VE+VZ+V7) + (k- 8) V. (8.11)
k
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Together cases 1) and ii) reproduce Eq. (8.3) which is the main result of this paper. It should be noted
that the derivation of Eq. (8.3)) would not be possible if offshell degrees of freedom had been retained since
the power counting for fields generating offshell fluctuations is ambiguous [?].

The power of this power counting formula is that one can immediately determine what contributions
need to be included to obtain an answer at a given order in the power counting. First, vertices with only
collinear or only soft fields contribute with strength k& — 4, while vertices with only usoft fields contribute
with k — 8. The interactions in the leading order collinear, soft and usoft Lagrangian have scaling k = 4,
k = 4 and k = 8, respectively, such that one immediately finds the sensible result that one can insert an
arbitrary number of such vertices without changing the power counting of a diagram. Each interaction of a
subleading Lagrangian, which has larger values of k, will lead to a suppression of the overall result, so only
a finite number of such insertions are required to a given order. Only external operators can have k < 4,
such as in the DIS operator in Eq. . Furthermore, physical considerations always limit the number
of external operator insertions (usually to just 1). For example, in DIS multiple insertions of O would
require multiple electromagnetic interactions. Thus, at leading order in A only graphs built out of a fixed
number of external operators plus V,©, V%, V¢, and VU vertices need to be included. These vertices are
exactly those described by the interactions contained in the leading order Lagranginans. At one higher
order in A we only need to add a single vertex with a higher power of k to the vertices included above. For
instance, a single V5C. From this discussion the utility of Eq. for describing higher and higher orders
in A should be fairly evident.

8.2 Power Suppressed SCET| Lagrangians [Check Words, Add Ghosts]
Starting at O(A) we have several contributions to the subleading SCET Lagrangian
O =M+ £+ ) (8.12)

The operators that contribute to these Lagrangians scale as A°. The collinear fermion and gluon La-
grangians at O(\) in our notation are [17, 7, 18] (TODO)

£ = (st P+ Pt i) S

ch = g—Tr([ﬂ)nS, iDY, ] [mnsu,mum}) Ly (8.13)

In a covariant gauge, the gauge fixing terms at subleading power are [19)
Efélli,gf = —Tr([zDusL, A1 ] 108, An ]) + ghosts. (8.14)
Here, the covariant derivative Z'Df: = 28“ + gA and the other covariant derivatives contain Wilson

lines that ensure collinear gauge invarlance and were defined in Eq. (??). The complete subleading SCET
Lagrangian at O(\) for fermions, gauge bosons and scalars also contains an additional Lagrangian that
permits soft fermion emission,

) _(z 1
s (éan)Zﬁ ] 8ng$niwus + h'C-, (815)

where 1,5 ~ A? is the ultrasoft fermion field.
At O()\?) the sub-subleading SCET Lagrangian contains the terms,

£® =2 4 £ 4 £

Enthus (8.16)
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The operators that contribute to these Lagrangians scale as A\6. At this order the collinear fermion and
gluon Lagrangians in our notation are [7, [I§]

1 i - Dus

@ | : - . i
'Cfn = Xn <ZwusJ_Z-_ ZmusJ_ Z@nj_ (’LT_L - an)ﬂZD"L) 92 Xn s (817)

- Op

1 1
P - ?Tr([ﬂ)ﬁs, iD] (D iD%] ) + ?Tr([iDZs L iD%, ] [iD7, D))

1 1
+ ?Tr([il)gs, i1+ Do) [ Dy 17+ Dus] ) + ?Tr([iDZS D4 [D,,iDk, ] )
+L .

In a covariant gauge, the gauge fixing terms at sub-subleading power are [19]
1 . . 1 . .
£E42T)“gf = ETT<[ZD55L’ AnLu] [ZDZSJ_, Anly]) + aTr([m «Dys,n - An] [z@fl‘s, Anu]) + ghosts. (8.18)

At this order there are also O(\?) Lagrangians involving soft fermions, which is the higher order version

of Eq. (815)

2
ﬁén)ws — (8.19)

For later purposes it will also be useful to consider the form that the subleading Lagrangians take after
the BPS field redefinition in Eq. (?7?). The field redefinition introduces Wilson lines Y, which factor from
the collinear fields in a manner so that they always sandwich the soft covariant derivatives, YJ DLY,. In
the process use of in - D,Y,, = 0 causes soft gauge fields to drop out of the mixed covariant derivatives,
iDhs — iD} and iDjs — iDy. In order to fully factor the soft and collinear fields we also want to separate
out terms where the derivative in DY acts on collinear fields, which we can do with the identity

iDL Y, = idl, + [YiDLY,] = idl + T*gB.Y (8.20)

where the covariant derivative acts only on terms within the square brackets, and

1
B = |
TPus) = Lin - Dy

nViFf:“yfA} . (8.21)

Here F2" is the soft field strength, and ), is the soft Wilson line in the adjoint representation. This
allows us to write the sum of all subleading Lagrangians in a factorized form as

1) _ - (1 (D eprA  RA
£ =3 EW + R TAgB | (8.22)

n

2) (2 - (2)k kA A - (2)kk! Mk Ak’ B A Bv
L =3 [K}LMK,(”) T*AGBM -+ K@ T AT gBu;gn)gBus(n)].

Here T4 is the A’th component of the color generator in the k representation upon which the iD¥ acted.

The various IAQ(ll) and f(,?) terms contain only n-collinear quark and gauge bosons, plus id} derivatives,
and can be written down explicitly with the results given above. All terms involving ultrasoft fields have

been made explicit in the gBuAs’én) factors

8Note that here the superscripts (1) or (2) on the K,s denote the Lagrangian that these terms came from rather than their
power of A.
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8.3 Power Counting Formula for SCET}; [Empty]

Need to explain why there is only a single power of log in the anomalous dimensions.

9 SCET for ete™ Collider Observables

One of the most important applications for SCET is to describe observables at lepton or hadron colliders
is the production of jets. In this section, we will discuss the production of jets at an eTe™ collider. The
production of leptons and jets at a hadron collider will be discussed in Sec.

The production of jets at an eTe™ collider has historically been very important. Measurements of
various jets in ete™ collisions were used to validate QCD as the correct theory of the strong interaction,
and to this day, even 10 years after the LEP has been turned off, measurements of event shape distributions
are being used to study the nature of the strong interaction and to determine fundamental constants of
nature such as the coupling constant of the strong interaction.

The dominant kinematical situation in eTe™ — jets is to produce two jets, but of course a larger
number of jets can be obtained by the emission of additional hard strongly interacting particles. In this
section we will discuss the production of two jets in eTe™ collisions, which is to say the production of
energetic particles in two back-to-back directions, accompanied only by usoft radiation in arbitrary regions
of phase space.

Clearly, the question whether we have 2 or more jets has to be determined on an event by event basis,
and there are many possible observables which can distinguish 2-jet events from events with more than
2 jets. The most natural definition might be to use a jet finding algorithm, and select those events with
exactly two hard jets as defined by this algorithm. However, there is another set of observables which
can be used to identify 2-jet events, and which are much easier to analyze theoretically. This class of
observables are called event shapes, with the most well known event shape variable being thrust. In this
section, we will only discuss the thrust distribution in eTe™ collisions, but it should be clear from the
discussion how one can extend the results to other event shape variables or other 2-jet observables.

9.1 Kinematics, Expansions, and Regions

The thrust of an event is defined as follows:

2. |7l
The sum over ¢ runs over all particles in the final state, and the direction 7ir is called the thrust axis. To
fully understand this equation, let’s first ignore the maxy, and pick a fixed direction 7ip.Thrust is then
defined by summing the absolute value of the projections of the momenta of all particles onto the thrust
axis, and divide by the sum over the magnitude of all momenta. In the situation where the momenta of all
particles are aligned (or anti-aligned) exactly with the thrust axis, the magnitude of the projection onto
the thrust axis is exactly equal to the magnitude of the momentum itself, such that one obtains T' = 1.
Thus, energetic particles that are collinear or anti-collinear to the thrust axis give 7' ~ 1. Soft particles
with vanishing momentum do not contribute to the the thrust, since their contributions vanish in the
numerator and denominators. Thus, events with 7"~ 1 only contain particles which are either collinear or
anti-collinear to the thrust axis, or are usoft, and are therefore 2-jet like and can be described by SCET].
For later convenience we will often choose the variable

r=1-T (9.2)

(9.1)

T = maxy,
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instead of T itself. In this case the 2-jet case corresponds to 7 — 0, while 7 away from zero corresponds to

three or more jets.

To make the connection of thrust with SCET even more obvious, we will define the two four-vectors
nt = (1,ﬁT), = (1, —ﬁT) (9.3)
Using this definition, we can write for T

T = Q_Zz‘eR"‘g'—ZieL”‘Pi (9.4)

or alternatively for

s > icr™ " Pi g 2icL ™ Di (9.5)

9.2 Factorization: Hard, Jet and Soft functions [fix notation]

The thrust distribution in the full theory is given by summing over all final states in the event, and
projecting each event onto its value of thrust, defined by (9.1

do

== %122 S [M(ete = X) 2 (2m)'5 (g — px)d(r — 7(X)). (9.6)
X

Here M(ete™ — X) is the full QCD matrix element to produce the final state X from the collisions of an
ete™ pair.

[Mletem = X)[7= D L, 03" 1X) (X] 3¢ J0) (9.7)

i=V,A

where we have defined the vector and axial currents,
ji' = aiaf, (9.8)

with I'{, = 4# and I'}j = 7#+°. The leptonic tensor is given by

LV _ _i G — qudv QQ . 2Q2'Uevaf 4 Q4<”Z + az)v]% (9.9&)

pv 3Q2 \7" Q2 f Q2 — M% Q2 — M%)Q

40,2 2y .2

A — s g\ Q7 (v +ag)ay (9.9b)

pv 3Q2 \7M Q2 Q2 — M%)Q ’ '

where fermion f has electric charge @)y in units of e, and vector and axial charges vy, as given by
1 1

_ T3 _9 in2 6 R 9.10

vf (75 @psin”Ow),  ay 2sin Oy cos Oy f (9.10)

2 sin By cos Oy

In Eq. a sum over colors a and flavors f is understood.

Writing the four-momentum conserving delta function as the integral of an exponential, and using the
dependence on px in the exponential to translate one of the two currents to the position x we can write
the distribution as

dT 2Q2Z/d4ﬂfeWZL (0131 () 1) (X ¥ (0)0) 8(7 — 7(X)). (9.11)

i=V,A
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Following the discussion in Section [7.2]we match the full theory current onto the effective theory current
given in Eq. (5.37) to obtain

i 2@220 2D / 260" 5 L O[] 0) 1) (X1 [GaThxe] (010} = ().

(9.12)
This is the equivalent of the hard factorization discussed in Section

As a next step in the deriving the factorization formula, one can eliminate the sum over the final state
X. As was shown in [20], one can define an operator 7 such that

71X) = 7(X) [X)

This allows us to write

(9.13)
D 8(r = T(X) [ X) (X[ =6(r - 7) (9.14)
X
such that we obtain
Chu( dizelt® L, 0] [Xallxn] (2)8(r = 7) [¥al'xa) (0)]0) (9.15)
d’r 2@2 Z / Z;A Xl x ] [X ]

To complete the factorization of the differential cross section, we use the ultrasoft-collinear factorization
introduced in Section and the fact that the operator 7 is linear in the energy momentum tensor, which
allows us to write [20]

T =170+ Tn+Ts,
which allows us to write

(9.16)
o(r—171)= /dTndTnde5(T —Tpn — Tn — Ts)0(Tn, — Tn)0(Tr — 5 )0(Ts — Ts) (9.17)
Inserting these results into Eq. (9.15)) one finds
dT = 6Q22‘C /L)‘z/d4$/dTndTnde(5 T —Tp — T — Ts) (9.18)
1 C e _ R
“NZ Tr (0] xn (%) g0 (10 = 7)Xn(0) [0) Tr (O] X (%) ad (75 — )X (0)5 0)
X T (0] ¥ (@)Y, (@)3(7s = 7)Y OV 2(0) 0) Y LHTH)ap(Tin)ss
i=V,A
where L' = g’“’LW, the traces are over colors, and we now make the spin indices explicit
The collinear matrix elements define jet functions 7, 7 according to
1 o - dktdk=d’k; .., n 7
T O @) = 700, 10) =[S, () @m (9.192)
ditdl=d*l, _, 7
L 6(Ta — Ta)Xn = | e Tl ) (5 -19b
I O (o)l = a0 10) = [ S i (3) L 010
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while the usoft matrix element defines a soft function
1
Nc
Furthermore, we can use that J, (7, k"; u) depends only on single light-cone component k* = n-k of the

residual momentum, as only in - 9 appears in the n-collinear SCET Lagrangian [2] at leading-order in A.
Similarly J7 (77,0 ;1) depends only on I~ = n-l.

_ d4r .
Tr (0] Ya(z)Y,] (2)0(1s — 75)Yn(0)Y 1(0) |0) z/(2ﬂ)4e‘”“"35(rs,r; 1) - (9.20)

Because the jet functions are independent of the residual transverse momenta, it is natural to change
variables to their sum and difference: K| = k:L + l1,k1 =(1/2)(kL —11). The integral over the sum gives
(27m)262(21 ). In this notation, the formula (9.18)) for the event shape distribution can now be written as

d
d—: = 6Q2L2/d2ﬂi |C’ }/d4 /dTndTnde T —Tp— Ti — Ts)

2+ ) dktdl~ T it kT e J2—i(r T Vet [2—ir
()0 (T) #en [ am [ @

Xjn<7—n7k+;ﬂ)jﬁ(7ﬁali;u)s(7—87r; ,U,), (921)
where the factor L is defined
v (R o A (B 0 R 1
L=L"Tr (2712%) + LATr ( Y s 55 75) ) (9.22)

In Eq. (9.21)) we have integrated over k~,1", and K, to generate delta functions setting all components of
x to zero. This allows us to perform the integrals over x.

There remains a sum over label directions n and an integral over the residual momenta k, which
combined are simply an integral over total solid angle [21],

2
> dry = %dQ, (9.23)

where the overall factor arises from the magnitude of the label three-momentum of the jet in direction 77,
which is ‘5‘ —Q/2.

As a final step, we define jet and soft functions integrated over all momenta

dk™ "
Jn(’Tn,H) = 7;711(7—113]{ ,,LL) (924&)
dl’ _
Slreip) = / ﬁm _— (9.24¢)
Tss [ — (27_‘_)4 Ts, TS ) - .
as well as a hard function, which is simply the square of the absolute value of the matching coefficient
Hy(Q; ) = |Co(Qs )| - (9.25)
This gives the final formula
do dop
dQdr E Hy(Q; 1) / drn d7 dTs 6(T — Tn — T — Ts) In(Tns 1) T (a5 1) S (755 1) - (9.26)
where the differential Born cross section, including the full v — Z interference is given by
dop o? 2Q%v.0;Qy QU vZ +a?)(vi +aF)
= N - 2
0 4@2( + cos 6?) cZ[Qf Qr— M2 + (@~ 2P , (9.27)
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9.3 Perturbative Results [fix notation]

The hard function can immediately be obtained from the result of the Wilson coefficient given in Eq. ((7.41]).
One finds
Q Q 77

[—4 log? = +6log = — 8+ — (9.28)
% % 6

sC
Hy(Qip) = 14 =—F

™

The jet and soft functions can be calculated from its definition as the vacuum matrix element of a
two-point collinear function. Using Eqs. (9.24) and (9.19)) together with the fact that 7 = [*/Q, one can
show that the jet-function can be written as

T = Q [ dee T (0 xal) 11 0) 0

= %Dise [/ d42e Ty (0 Txn(z)zj\lfcin(()) ]O)] (9.29)

where we have used the optical theorem in the last line to write the jet function in terms of the discontinuity
of a forward matrix element of a time ordered product. The soft function is given by

S(ts; 1) = ]\éDiSC [/ d*ze™ " Tr (0| TY a(2)Y,! (x) ¥;,(0)Y 5(0) |O>} (9.30)

At leading order in perturbation theory both are equal to a delta function of 7. At next to leading
order, one needs to include both the virtual and real contributions. Adding everything together one finds
for the renormalized jet and soft functions

sC Q¢ Q¢ Q¢ 1 1
J(rip) = 6(7)+ 0‘47TF [(2 log? i 3log 2 +7— 71'2> 5(1) + (4 log i 3) ~Lo <T> +4-L (T)]

3 3 3 3
(o 5) i (6) -0 (2)
S(r, = d(r)+—— | —-8log" >+ — | () —16log ==Ly | = ) —16=Ly | = ] | , 9.31
() = o)+ L seto(F)—10ee (3 (931)
where £ is a dummy dimensionful variable and we have defined
L_1(x) =6(x) (9.32)
and for n > 0
n—1
Los_1(z) = (W)I()gx) (9.33)
z +

One can easily check that the dependence on £ cancels for both the jet and the soft function.

As for any renormalized quanity, one can derive a renormalization group equation and for the jet and
soft funtions they are given by

d
() = /dT/ Ya(r =7 ) J(7', )

udCLS(T, 1) = / i vs(r — ', 1) S(+. ) (9.34)
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9.4 Results with Resummation 9 SCET FOR ETE~ COLLIDER OBSERVABLES

Inserting these expressions, and choosing £ = (), one reproduces the well known expression for the
differential thrust spectrum

o-oe 2 (- SJonsa) (9] v

The cumulative distribution, defined as

do, . [T , do
= /0 ar =57 (9.36)
is given by
do asCr 2 T T
=1 1- 2 —3log = —2log — .
dQ(T) + o [ 3 3 ogQ ogQ (9.37)

Examining the differential thrust spectrum and the cumulative thrust distribution one immediately
notices the presence of the logarithmic terms which depend on the ratio 7/Q. For small values of this
ratio, these logarithms become large, increasing the numerical size of the ag correction. By calculating to
higher orders in perturbative theory, one finds that each additional order in perturbation theory brings
two extra powers of log7/Q, such that the entire perturbative series stops converging for small enough
values of 7. As discussed in Sections 77, these logarithms can be resummed using the renormalization
group evolution of the hard, jet and soft functions.

9.4 Results with Resummation

From the NLO expressions of the hard, jet and soft functions given in Eqgs and (?7), one can see the
presence of logarithmic terms. In Appendix ??, where these functions are given to NNLO, one can cearly
see that two extra powers of such logarithms occur at each order in perturbation theory. An important
point, however, is that each of these functions, besides the renormalization scale, depend on a single scale
only. The hard function for example only depends on p, such that all logarithms are of the form log Q/ .
Choosing & ~ 7, all logarithms in jet function are of the form log @7 /x?, and those in the soft function of
the form log 7/p. Thus, by evaluating each of these functions at the respective scales

mg ~ Q7 By ~ QTa ns ~ T, (938)

the perturbative expressions contain no large logarithms. One can then use the renormalization group
evolution to evolve each of these functions to the common scale .

Which logarithms are important and which are not, depends on the relative size of log 7/Q relative to
the size of as. One typically uses the scaling aslog? 7/Q ~ 1 for which add more.

The running of the hard function can be obtained from the result in Eq. (7.58))
167TCF 1 GCF Q —8Cr Inz/Bo
Hy(Q; 1) = exp [—(—1+lnz) —lnz] (—) . 9.39
2G50 Bias(po) \ 2 Bo I (9:39)

where z = as(uF?) /s (pn). Solving the renormalization group equation for the jet and soft functions, the
functions at one scale are given by a convolution between the functions at a different scale and an evoultion
kernel that sums the logariths of the ratio of scales.

The renormalization group equation for the jet and soft funtions are given by

J(s1, 1) = /dsll Ji(s1— 5/17 ) UJ1(8/17 [LJy 5 4) (9.40)
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10 DEEP INELASTIC SCATTERING [DRAFT NEEDS WORK]

matching (singular) nonsingular Ve Ceusp g PDF
LO LO LO - - 1-loop LO
NLO NLO NLO - - 2-loop NLO
NNLO NNLO NNLO - - 3-loop NNLO
LL LO - - 1-loop 1-loop LO
NLL LO - 1-loop 2-loop 2-loop LO
NNLL NLO - 2-loop 3-loop 3-loop NLO
NLL'+NLO NLO NLO 1-loop 2-loop 2-loop NLO
NNLL+NNLO (N)NLO NNLO 2-loop 3-loop 3-loop NNLO
NNLL'4+NNLO NNLO NNLO 2-loop 3-loop 3-loop NNLO
N3LL+NNLO NNLO NNLO 3-loop 4-loop 4-loop NNLO

Table 8: The order counting we use in fixed-order and resummed perturbation theory. The last two rows
are beyond the level of our calculations here, but are discussed in the text.

10 Deep Inelastic Scattering [Draft Needs Work]

DIS is a rich subject. A textbook introduction to DIS will often discuss the derivation of the leading
power cross section by performing an operator product expansion with the infinite class of operators whose
relevance is organized by twist. The leading twist operators give an operator formalism which justifies the
parton model. The analysis of perturbative corrections in this OPE formalism is notational cumbersome.

We will see that in SCET the infinite set of leading twist operators is encoded in a single non-local
operator: O(w) = &W,6(w — - P)Wi&,. The forward proton matrix element of this operator is the
parton distribution function (PDF). For brevity we restrict our discussion of DIS to only those aspects
related to factorization and the renormalization group evolution with SCET. In particular we will derive
the factorization theorem for DIS that yields hard coefficients (partonic cross sections) convoluted with
the PDF operators, C(w) ® O(w). We will also derive the DGLAP RGE equation by renormalizing the
operator O(w).

10.1 DIS Factorization: Hard and Parton Distributions

The e”p — e~ X DIS scattering process is depicted by the amplitude shown in Fig. The hard scale @
of the process is defined by the photon momentum ¢*

¢ =-Q* (10.1)
and satisfies Q2 > A%. Our Bjorken variable z is defined in the standard way
Q2
T = 10.2
1 (10.2)

and with momentum conservation defined by p* + ¢* = p%, we have

2
pr = %(1 —x)+ mi. (10.3)
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Figure 14: Deep Inelastic Scattering Amplitude

With this result we may determine the various energy regions of the process

Regions Description

(1-1)~1 = p% ~Q? Standard OPE Region

(% — 1) ~ % = pg( ~ QA Endpoint Region

(% — 1) ~ 8—2 = pi ~ A? Resonance Region

Describe Parton Variables

We will consider our scattering process in the standard OPE region so that the final state has pg( of
order ? and can consequently be integrated out. Conversely, the proton with its comparatively small
invariant mass p?> ~ A% may be treated as a collinear field. We analyze the process in the Breit Frame in

which the perpendicular momentum component of ¢* is zero with

qM — Q(ﬁ# _ nu)_
2
The proton and final state momentum are then
" n,u‘ B + ﬁu
= 77’1} . 77’11 .
p 9 p 9 p
nt nt mf,
TP Y
n* Q)
S
Py =p"+q"
n* n* (1—x
e W (-a)
Q 2

The cross section for DIS in terms of leptonic and hadronic tensors is
K met

0= L (kK )W (py g
2|k7|(2m)3 sQ* (b, ) Wiat: )
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10.1 DIS Factorization: Hard and) PDtolIDINHbi$AKC SCATTERING [DRAFT NEEDS WORK]
where k and k" are the incoming and outgoing lepton momenta, respectively, and we have defined ¢ = k' —k,
and s = (p+ k)2 L*(k, k') is the leptonic tensor computed using standard QFT methods and W, (p, q)
is the hadronic tensor which will occupy us in this section. W), is related to the imaginary part of the
DIS scattering amplitude by

1
W/u/(p’ Q) = ;ImTuV (1012)

where

1

Ty (p,q) = §Z<p|Tuu(Q) p)  Tuwlg) =i / d*ze' T J,(x)J,(0)]. (10.13)

spin

Taking J, to be an electromagnetic current, we may write

quq q qQu
T,u,zx(pa Q) = <_g,uu + HQV) Tl(xy Q2> + (p,u + i) (py + 7) T2($> Qz) (10-14)
q 2x 2x
which satisfies current conservation, P, C, and T symmetries. Matching the Tw(q) onto the most general
leading order SCET operator for collinear fields in the n* direction and satisfying current conservation
q"T},, we have

0 ) g “w 0 v 14 . g
RN N0 01) (nt +n")(n" + 7 )< (i) 02>
™ — — Oy +—= | + 05" + —= 10.15
Q < bR Q 2 Q ( )
where
Dm0 S i
oy = g;%pwgc]( P Powhe (10.16)
O = Te[WIBYW CY(P 1, P )W B \W] (10.17)
(10.18)
with z'gBi and P4 defined as
igB} = [in- Dy, iD) ||,  P+=P +P. (10.19)

The subscripts j in O](.i) are arbitrary labels, similar to those found in (10.14]), which differentiate the two
parts of of TW. The superscript (i) defines the flavor (u,d, s, etc.) of quarks and the superscript ¢ in O?

stands for a gluon. In accord with their labels, Oj@ will lead to the quark and anti-quark PDF and Ojg

will lead to the gluon PDF. The placement of factors of é is done in order to yield dimensionless Wilson
coefficients. The fact that these Wilson coefficients are dimensionless can be understod by realizing that
according to (10.13f), 7}, has mass dimension 2.

In (10.15) there are both quark and gluon operators. However, with TW defined in terms of an
electromagnetic current we can focus on the quarks and treat the gluons as an higher order contribution
so that T}, becomes

(n* 4+ a*)(n” 4+ n")
Q

HY . .
7w IL ol 4 o4, (10.20)

Q
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@)

J

Returning to the quark operator O
from the long distance operators

, we may introduce a convolution to separate the hard coefficients

o — / duordws O (wr, wo) (G St — P*)?(W*sn»wé(m ~P)] (1021)

where w4+ = wi *+ we. Our hope is to connect this operator to the PDF as a clear demonstration of
factorization. The PDF for quarks is given by

Fisp(§) = / dye ™3P (p| E(y)W (y, —y)TE(y) [p) (10.22)
and the PDF for anti-quarks is simply f; /p(ﬁ) =—f; /p(—§ ). In momentum space, we can write the matrix
element in as

(Pl EWIW (y, —9)REW) p) = (0] €WV ) RIWTE0))es ) (10.23)
:471'p/1 d€ §(w-) (10.24)

0 —
X [0(wy =260 p) fiyp(§) — 0w + 20 p) fp(8)]- (10.25)

The delta function over w_ sets wi = wg. The other set of delta functions ensure that for wy > 0 we use
quark PDF f;/,(2). and for wi < 0 we use anti-quark PDF f;(2). Using these results we may rewrite
(4)

our operator Oj including spin averages as

5 2 100 1p) = § [ dirdn O o, w €IV 8o = POV I b2 = P)) (1026)

= i/dwldwgcj(i)(er, w_ )47 - p (10.27)

[ oo 2602l ~ 5 + 20 DT 1) (10.25)

=-p [ 1032106, 0)7,©) - CH-20- P, 0T, ) (10.29)

Now, by charge conjugation invariance (reference), we have C(—w,, w_) = —C(w+, w_) so that the final

form of the spin averaged matrix element is

A I B
% > WO p) =n-p /0 Ci(2n - p€,0)[fi/p(28) + Fiyp(26)]. (10.30)

spin

We note that although we are using SCET; no soft gluons have appeared in our analysis. This fact can
be understood by observing that our original operator

ft

is a color singlet and therefore decouples from any color-charge changing (i.e. gluon) interactions. With
(10.30) we have the necessary result for a demonstration of factorization. Now all that is left to do is
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perform the matching of the full field theoretic operators T} (x, @?) and Th(x, Q?) onto the operators O](-i).

Recalling our formula for 7}, in terms of Tuw we have

v 1 Fpuy
™ = §Z<p\T“ p) (10.31)
spin
uy v
g1 (i) dntn¥ 1
== O; + - O 10.32
o QSI%(P\ i+ =5 zspzi;l(p p) - (10.32)

This is the SCET amplitude. The QCD amplitude is

170" (pq) = <—g,w - q’f”) Ti(z, Q%) + ( P+ g") ( v+ %) Ty(z, Q%) (10.33)

Writing this result in light-cone coordinates and using the Ward Identity (¢, L* = ¢,L" = 0), and the
fact that all terms proportional to (72, —n,) = % become zero upon contraction with L, , we have

2

TQCD _g,ulzLTl(x Q )+ nuu <Q

1 (@ Q%) = Ti(w, Q2)> (10.34)

We refer the reader to [?] for a full derivation of this result. Matching T®“P onto TSCFT yields the
relations

Z (p| O\ p) = T1(x, Q%) (10.35)
spln
2
QZ (/0" p) = (Q h(x, Q%) — 1(%@2)> (10.36)
spin
which, upon inversion, gives
T (x, Z (| 0\ Ip) (10.37)
spln
1
- 1 / dEC (20 - pe, o>[fi/p<§>+7i/p<s>] (10.38)
Q*) Z (p| O\ |p) — Z (| O\ Ip) (10.39)
Spln Spln
2;3 [ ae (st <2ﬁ-p£70>—0£“<2ﬁ-ps,o>) il + Tpl€)) (10.40)
(10.41)

where in the Breit Frame x = Q2 = _Q;_ = T,%. With the definition

Hj(z) = C;(2Q2,0,Q, p), (10.42)

where the hard scale () and the p dependence has been made explicit, we have the final result

@)= [ ) <i> itpl©) + Fipp(©) (10.43)
e, = 2 [ (€)= 1 (€]t 7,00 (10.44)
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where the sum over ¢ is implicit.
Remarks

e This result represents the general (to all orders in as) factorization for DIS. As promised we have
the computable hard coeflicients H; weighted by the universal non-perturbative PDFs f;/, and f; .

e The coefficients C; are dimensionless and can therefore only have (1) In(x/Q) dependence on Q.
This result is in accord with Bjorken Scaling.

e The p in H;(p) and f;/,(p) is typically called the factorization scale y = pp. There is also the
renormalization scale as in as(pgr). In SCET p is both the renormalization and factorization scale,
since the same parameter pu is responsible for the running of the EFT coupling as(p) and for the
EFT coupling C;(u).

e When we consider the tree level matching onto the wilson coefficients we find that Cy = 0 implying
the Callan-Gross relation

Wy Q?
and that
— 9,22 Q _ Q
Cr(wy) = 2e7Q; [(w 20  tie  (Cay —20) tic (10.46)
Hy = —e*Q?% (i — 1) (10.47)

10.2 Renormalization of PDF

(ROUGH) In this section we calculate the anomalous dimension of the parton distribution function. We
define the PDF as

14(€) = (0l 0) 5 0) ) (10.48)

where w = £n - p, > 0. Since we have a forward matrix element there is no need to consider a momentum
label w’ on ¥,,, by momentum conservation it would be fixed to w’ = w. We renormalize our PDF in our
EFT framework with dimensional regularization, noting that there are only collinear fields an no ultrasoft
interactions for this example. Collinear loop processes can change w (or £) and also the type of parton.
The renormalized PDF operators are given in terms of bare operators as

pre(e) = [ d Zyle. 1 0. (10.49)
The p independence of the bare operators fib‘”’e(f ) yields an RGE for the renormalized operators in MS,
0 = [ 6. L (10.50)
where
= = [ €2 s (€ E). (10.51)
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At 1-loop we can take Zl.;,l (&,&") = 66(E—&") 4+ -+ so that

_ d 1-1
v = =g [Za(E )T (10.52)
Computing the PDF at tree level, we obtain

=Up—Upd(w—p )=01—w/p”) (10.53)
R:—/

Do S

At the 1-loop level there are multiple contributions the first contribution yields the computation

o pf(d _ 2)[2 B MZeeE'yE

= _1920F/ddz RN _p)§+i0]5(l - w) Teor (10.54)
2 —€

- (ii)? (1—€)2T(e)e“ = (1 — 2)0(2)0(1 — 2) <;42> (10.55)

- O‘fF (1—2)0(2)0(1 — 2) [216 -1- %m (A/;P)] (10.56)

where A = —pTp~2(1 — 2) with 2 = w/p~ The next contribution is given by

real virtual
A, 5 - I, ——
— 952 n33 n N T 10.
i°Cr [ Gt (1 — )~ 3 — ) (10.57)
_Cras(p) e 20(2)0(1 —2) ([ —p pTz—i0\ ©
= I'(e) 1= 2 (10.58)
-+ . —€
o —p ptz—10 ['(2—e)'(—e)
5(1— 2) ( r ) ET (10.59)
We can simplify this result with use of the distribtuion identity.
0(1—2)  6(1—=2)
=) +Lo(l—2)—eLy(l—2)+-- (10.60)
where the plus function £, (z) is defined as
1 n
Lo(z) = [W] (10.61)
and satisfies the following identities
1 1 R
/0 do Lo (x) = 0, /0 Lo(@)g(z) = /0 dr ™2 fg(x) — g(0)] (10.62)

With this replacement we find that the 1/¢? terms in the real and virtual terms cancel and the remaining
1/e is UV divergent. In the end the explicit contribution of this process is

o 2
:CFFS('LL) [{5(1 —2)+20(2)Lo(1 — 2)} (1 +1In —p+pfi—z—20) (10.63)
—2Lo(1 —2)0(2) + (1 — 2) <2 — ﬂ;)] . (10.64)
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11 SCET FOR PP COLLIDER OBSERVABLES [NEEDS LOTS OF WORK]

The last conrtibution to the renormalized PDF is the wavefunction renormalization of the external
fermions.

Fig() = 6(1 — 2)(Zy — 1) = 297 [—1 Ly <—p‘*‘;j—2—10>] 51— 2) (10.65)

There are additional contributions from diagrams such as those in (), but we will ignore these by assuming
that the operator is not a flavor singlet. Summing the various contributions, we have

Sum = C”:r(”) [{25(1 — 2) + 20(2)Lo(1 — 2)+

1-— 1 2
+ ( 5 z)g(z)ﬁ(l — Z)} (6 —+ ln —p“"’upTzZO> —+ ﬁnite function Of Z:|
s 1/1+22 1 2
_Cra ) | L1tz S 4+ln—"— )+ finite function of z (10.66)
T 2\1-2/), \e¢ —ptp= 2,0

Determines Z;ZIIOOP

If we let the total momentum of the hadronic state be p~. Then define p~/p~ = . So that
w &€

=— === 10.67
p~ &pm & ( )
Then our Z;;C)Op becomes
- 1Ly (p) 14 22
1-loop _ o - _
z 6(1—2) + — =5 2 0p020(1 z)( — )+ (10.68)
And usng
d d
Yij = —M@sz(z, 1), u@as(u) = —2eas(py + Blas(u)] (10.69)
we then obtain the our final result
Crosu (&' — €01 —¢') (1422
Yq(§,€) = (10.70)
% T & l—2z /),

which is the Aliterelli - Parisi (DGLAP) quark anomalous dimension at one-loop.

11 SCET for pp Collider Observables [Needs Lots of Work]

11.1 Kinematics

(ROUGH) Our final example will be the Drell-Yan (DY) process pp — XI*1~. This is a protype LHC
process. The kinematics of this process can be described by the following set of equations.
PA+PB=Dpx +4q
E(?m = (pA + pB)

(
2 (
¢> : Hard scale of the problem (11.3
(
(

Collision Energy

Tqu/ECQm <1

1 .
Y==In <pb q> Total lepton rapidity (angular variable)

2 Pa -4
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11.2 Inclusvive DrelldYaBCHI# QR PP COLLIDER OBSERVABLES [NEEDS LOTS OF WORK]
And the analogs of the Bjorken Variables from DIS:

T = TEY, 1 =T Y, (11.6)

where 7 < x4, < 1. We study this process int three distinct energy regions

Inclusive: 7~1 p2~g®>~E2, Ta b~ 1, Lo b~ 1
‘Endpoint: 7 —1 p2<<q¢®—E2%, Tap—1,&p—1 (11.7)
Isolated: 7 —0 pi >> ¢? Zap —+ 0, &ap — 0

We now analyze these specific processes in detail.

11.2 Inclusvive Drell-Yan: pp — X[t~

In this case this process represents an SC ET} problem of hard-collinear factorization. we have a 4-quark

operator in SCET, which after a Fierz Identity becomes,

(&) S WG E W) (11
Remarks:
o T4 ® T4 octet structure vanishes under (p,|| - | |pn)

e When we take &, — Y, &, for coupling to soft gluons, the soft wilson lines cancel out.

e This operator encodes information about the PDF because both

i
(0l o ol [0} a0d (il nes X l) (119

are defined as PDFs. These PDF's contribute to the differential cross section for this process:

1 d€q td finc a
o0 dq2dy Z/ ,gi éb 1(2 ?»q u) fi(€ar 1) 15 (&b, 1) (11.10)

1+0 (A\C}%’H. (11.11)

e As a last important caveat, we not that Glauber Gluons cancel out at leadind order. However,
proving this result is out of the scope of our current discussion.

11.3 Threshold Drell-Yan: pp — X111~

In the threshold limit only the terms of Hli;d most singular in 1 — 7 contribute.
T
) ,4 Hiy(? ) [1+O(1 — 7)) (11.12)

incl th 2
Hp g [fq (1_%%

where 4, j = ui, dd, .... The interpretation when we take §ap — 1is that one parton in each proton carries
all the momentum. This is not the dominant LHC region.
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11.4 Beam thrust il DrC¥R:FpR-PRICIOLLIDER OBSERVABLES [NEEDS LOTS OF WORK]
11.4 Beam thrust in Drell-Yan: pp — X[t~

The isolated case of DY allows forward jets to carry away part of E.n,, so &, — 1. It also restricts
thr central region to still only have soft radiation (the signal region is background free). To guarantee
this requires an experimental observation. Observable: px = B, + Bp. There are two hemispheres
perpendicular to the beam axis.

Bf =na-Ba=) na-pk (11.13)
kea
= Ei(1+tanhY)e > (11.14)
kea

We expect the plus momenta for n- collinear radiation to be small. We find that this is indeed the case
becuase

Bf < Qe Y@t << Q (11.15)

and there is an identical expression for B; . For the n-collinear proton (a) and jet (a), we do not merely
get a PDF from the hard-collinear-soft factorization. We get something new called a beam function. The
differential cross section for this process can be written as

1
o0 dq2aleB+dB+

ZHU 10) [ bk QP Bl (B~ K )z BB~ ).

1+ 0 (A%D, v Bg’w“”’” (11.16)

X Sz hemi(k;ry k}j_a :u’)

where wq p = Tq pFem andB; is defined as our ”Beam Function.”

Bl i) = 22 [ U702 50ty 30 = P SO pap) (1147
We recll the definitions of jet function
_ _nh
(01X, w(y™ 5) 5 xn (0)]10) (11.18)
and pdf
(0l 10,0(0) 2o O] I (11.19)

2

We see that the Jet Function is a mix of both. The proton is a collinear field in SCETy; and the jet is
collinear in SCET1. Matching SCET to SCETyy gives us

Adep
i(t, 2, ) Z/ ,u)fg(i p (1+0 <t>] (11.20)
by = (f—m)Ecm%eri%eru (11.21)
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11.5 pp Jet Factorization:: Hard, Beam, Jet, Soft Funé¢€onM ORE SCET; APPLICATIONS (REMOVE)

At tree level the Beam Function is simply

Bi(t,x,p) = 6(t) fi(z, ) (11.22)

as in the pdf case we can write the RGE for the beam function

d
M@Bi(t,x,u) = /dt’%(t —t W) Bi(t',x, ) (11.23)

Like the jet function B; is independent of mass evolution. The RGE sums In?(t/u), is independent of x
and has no mixing.

11.5 pp Jet Factorization:: Hard, Beam, Jet, Soft Functions
12 More SCET| Applications (Remove)

(ROUGH)

In this section we will apply the SCET formalism developed in previous sections to a few additional
processes that either use SCETT or a combination of both SCETt and SCETy; (where the more complicated
part of the factorization occurs within SCETY). In particular we will consider

e B— Xyv

e Drell-Yan pp — [T~ X: inclusive, endpoint, and isolated factorization theorems

12.1 B — X,y [Remove?]

(ROUGH) In this section we treat the incluzive weak radiative decay B — Xyv. This decay is defined
by the effective Hamiltonian

4G % € _

H = —WthVQSC%O% 07 = meSUW,FMVPRb (12.1)
with F*¥ the electromagnetic field tensor and Pr = %(1 + 75). The decay is defined such that the photon
momentum is opposite the collinear jet i.e. g, = Eyn,.

The photon energy spectrum of the decay is

1 dU'  4E, [ 1
— = (=) ImT(E 12.2
TodE,  m] < w) mT(E,) (122
where
T(E,) = mib / d'z e (B,| TJ(x)J"(0) |By) (12.3)

Is the forward scattering amplitude with EM current J,, = 5i0,,,¢" PRb.
We will consider the endpoint region of the decay in which nearly all of the final state energy is in the
photon. Analyzing this process in the rest frame of B, we find that the final momentum X

Py =g —¢" (12.4)
- %( Aty — Byt (12.5)

Al
- mb% + %(mb —2E,). (12.6)
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12.1 B — Xsy [Remove?] 12 MORE SCET; APPLICATIONS (REMOVE)

Defining our endpoint region by

% — B, < Agen (12.7)
gives us a mass squared scale of
9 A
ph =~ myA = mi— = mi\? (12.8)

my

where in the last line we took A = ,/ mAb Taking my as @ it is clear that this process is described by SCET].

Specifically, X will be represented by collinear gluons and quarks while B will be represented by heavy
(usoft) quark. Our principal goal is to demonstrate how the effects of momentum scales are factorized in
the formula for the photon energy spectrum. To this end we will prove that (12.2]) can be factorized as

e = H(my, 1) / dk* S(k™, 1) J (k™ +my — 2B, ) (12.9)

where H(my, ) is a calculable quantity arising from hard scale dynamics; S(k™, i) is a non-perturbative
soft function; and J (k™) represents collinear gluons and quarks and is called the jet function.
We begin by matching the QCD current onto SCET to obtain

Jy = —E,eP3HPLome)e (B g, Wyt Prh, (12.10)
= —E,C(my, )&, ;W Prhy (12.11)

where in the second line we used the label momentum conservation to set P = my, and P; = 0. Inserting
this result into ((12.3)), we may write

—3 T(Ey) = H(my, 1) Test( B, ) (12.12)
b
where
Teﬁ:i/d‘*a:el(mbz D (B, | T () et | By) - (12.13)
This gives us a hard amplitude of
4 3
my,
Next, we decouple usoft gluons from collinear fields by implementing the standard field redefinitions
bnp 2 YEYD WY WOYT (12.15)
thus giving us a new effective current:
gt =W O L pyih,. (12.16)
Substituting this result into (12.13)) gives us
Tug =i / diz e'me3 =0 (B, | T[h,Y Prys WO (o )[gnp W PLY h,)(0) | B,) (12.17)
4 d4k 2(m k)- J_Vi " t 0
=— [ d'z @n)i° v3-a-k) (B, | T[hoY)(2) PR, VLPL[Y hy](0) |By) Jp(k) (12.18)
1 4 d4k i(m n_ —k)z /& 7 T %)
=5 | dw @n)° b2 4 (By| T[hoY()[Yhy)(0) | By) Jp(k), (12.19)
T
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13 SCET II

where we defined
4
i [ s OITIVOTEQ ) E W L) 0 (12.20)

with the label P representing the sum of the label momentum carried by the collinear fields. (Additional
Derivation)? Now, noting that Jp only depends on the k™ component of residual momentum k, we may
do the k= and k™ integrals thus putting  on the light cone

Tar= ¢ / g 3= )5 () / d;: ~5hee (B | TR, Y)(@)[Y Thol (0) [B) Jp (k)
1 dr~ m + I
- Q/koer(k*)/ e 1T (B | TR, Y] (2 )[YThv}(O) B.). (12.21)
Focusing on the heavy fields, we may then define
dr— _i ‘e 5 - n o _ —
S(k+)z T 3l <BU|T[hUY](§x )[YTh,](0) | By) (12.22)
= djﬂ e 3 (B,| Te® 32[h,Y](0)[Y ') (0) [B.)
1 dr~ _ite o _— _p— g =
=5 | e (B TRY N0 Y ) 0) [B)
1 [dx™ _ijvp /= |7 < 2 -
=5 [ ¢ (B Thye sy Thy [B.)
1 de™ _i T /T 7 _iZ_(in-Dys n
- 2 A “ar € 2l <Bv|Thve 7 (in-D )h” ‘B”>
1,— = _
=3 (By| hyd(in - Dys — ')k, | By) . (12.23)

The Soft function S(k™) is non-perturbative and encodes information about the usoft dynamics of the
B meson. shows that we may interpret this result as giving the probability of finding a heavy
quark b in51de the B meson carrying a residual momentum of k. Defining J(k*) = —2ImJp(k") and
using ((12.12)),(12.21)), (12.22]) in (12.2)), we have the final result

1 dr A
——— = H(myp, p) / dat Sty JIT+my —2E,) (12.24)
Lo dE ~——— J2E,—my S—— ~~
p?~m? Hard p2~A2 Usoft  p2~myA Collinear

13 SCET 11

13.1 Deriving SCET|; operators by using SCET]

We may construct SCET operators by another method using SCET;. The basis of the procedure comes
from the fact that soft-modes in SCET; and usoft modes in SCET ; have the same momentum; it is only
the collinear fields which have distinct momentuma. The exact procedure for obtaining SCETy is

1. Match QCD onto SCET}

2. Redefine fields with the usoft wilson line Y,, so that usoft interactions are only present in currents
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13.2 Rapidity Divergences [EMPTY] 14 SCETy APPLICATIONS
3. Match SCETT onto SCET;; by taking Y,, — S,.

As an example of the above procedure we may construct the SCETy; current postulate above.

1. Matching QCD onto SCET}

J=ul*b — Jy = (§,W)I'*h, (13.1)
2. Redefining fields so that usoft interactions are only present in currents
Jr = EOwWO)reyth, (13.2)
3. Matching SCET; onto SCET; by taking Y,, — S,,.

i = € wWO)resth, (13.3)

13.2 Rapidity Divergences [EMPTY]

14 SCETy Applications

In this section we will apply SCETy; to various processes to illustrate the formalism. The examples we will
treat include

o vy — 70

e B— D

e The Massive Gauge Boson Sudakov Form Factor
e pr distribution in Higgs production

e Jet broadening

A distinguishing feature of these processes is whether they involve a new type of divergence that requires
a renormalization procedure, known as rapidity divergences. The first two processes do not, while the last
three do. We will discuss these divergences in detail for the massive gauge boson form factor, and then be
very brief about the last two examples.

14.1 ~*y — 7 [Remove?]
14.2 B — Dn [Needs Work]

(ROUGH) As another exclusive scattering process, we analyze B — Dm. We may use the SCET frame-
work here because the hard scales QQ = {my, m¢, Ex} > Agcp. At the scale p ~ my, the QCD operators
represented by the weak Hamiltonian are

4G

Hyy = = 7V 14VealC8 (10)Oopo) + G (10)Os o) (14.1)
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14.2 B — D7 [Needs Work] 14 SCETy APPLICATIONS

where

Oo = [y Prb][dr, Pru] (14.2)
Og = [ey* PLTV][dry, PLT u). (14.3)

We want to factorize the matrix element (Dm|Og g |B). We can represent this factorization diagrammat-
ically as (INSERT FIG) where there are no gluons between 7 quarks and B/D quarks. For this process
we expect a B — D form factor (Isgur-Wise form factor) and a pion wavefunction/distribution. This fac-
torization will be possible because the particles B and D have soft momentum scaling and 7 has collinear
scalings. Specifically p? ~ A? and we therefore use SCET]; to describe this process.

First, matching the QCD Hamiltonian onto SCET we need the operators

L5 = BT RO B W, Co (P )W el (14.4)
L5 = T TR 0] € W, Cs (P T W ) (14.5)

where I‘,ll = % F?L = 275 and I'; = 77i(l — 75). Note that the two operators Og and Og can both produce

any of the Qo,s operators. Now, implementing field redefinitions to factor usoft effects (remember we can
start with SCET] to derive SCET]; results) we have

§n,p = ng(z(,);)g
w=ywOyt (14.6)

These redefinitions are easily implemented in Q(l)’5. They simply take
£ W, Co (P yWiel] — EDOWOT,co (P )W @i ©) 14.7
[y WTICo(PL)WTES] = [Enyp (P ywOre O] (14.7)

where we used the fact that Y commutes with the wilson coefficient Cy(P4). This argument cannot be
applied to Qé’S because Y, containing generators of its own, does not commute with 7% However, by
making use of the color identity

T YTy = YyTevt @ T@ (14.8)
then we may move all usoft wilson lines into the usoft part of the operator yielding

QL = YT YTy Th®) €D wr,cx(P )T W el™). (14.9)

n?p

Matching this SCET] result onto SCETy; by the replacements Y — S and £© — ¢, W(© — W, we have

Q6° = [RTyh¢ ][5npfwrlco<7>+>w*§ ] (14.10)
QL = YT YTy Th®) €D wrcy(P )T W el™). (14.11)

Now, taking the matrix elements between the appropriate hadronic states we have

: 1
(m [ £, WTCo(P4 )W &, [0) = %fWEW /D dzC(2E, (22 — 1)) ér () (14.12)
(Dyy, | hyThy |B) = N'€(wo, 1) (14.13)
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14.3 Massive Gauge Boson Form Factor & Rapidity Divergences [EmptyJl4 SCET APPLICATIONS

We are able to achieve this factorization because with B, D purely soft and 7 purely collinear there are
no contractions between soft and collinear fields. So we find that our final factorization result is

1
(xD| Hy |B) = iN&(wo. p) /0 C(2E. (22 — 1), w)n (. ) + O(A/Q) (14.14)

where &(wp, 1) is the Isgur-Wise function at maximum recoil and

2 2
=2 Y 14.15
wo omp ( )

This result also applies to other B decays such as
B - Dtr—, B = D*tg—, B - Dtp~
B = D%, B~ — D, B’ = Dtp-
14.3 Massive Gauge Boson Form Factor & Rapidity Divergences [Empty]|

14.4 pr Distribution for Higgs Production & Jet Broadening [Remove]

104



A Lscer AND SCET FEYNMAN RULES

A Lgcgr and SCET Feynman rules

A.1 Summary of Notation for Derivatives

Various types of SCET derivatives and covariant derivatives were used in the text. We summarize them
all here for easy reference:
Ak

iDF =it + gAF ol = 7m o+ 73 + P! (A1)
iD= 10" + gAus,
iD= iDh + 79” - Aus s i0r, =0k + 7gn Ays .

iD! | = WliD! W, =P* +gB! |
iDt, = WIiD!t W, .
In addition we have the combinations that are invariant under type-0 RPI and collinear gauge covariant
iD' =iD" +W,iD! W], i - D = in - Dy, + Wyin - DysWy (A.2)
as well as those that are invariant under type-0 RPI and collinear gauge invariant
WiD W, = D! +iD! Wlin - DW,, =P + ifi - Dys - (A.3)

The terms in Eq. (A.3]) act only on collinear objects that do not transform under a local collinear gauge
transformation.

A.2 Massless and Massive SCET at Leading Power

With a sum over distinct collinear sectors the leading order SCET Lagrangian is
£O Z ( ) . (A.4)
Here £

soft 18 simply the Yang-Mills Lagrangian with usoft fermion fields s and soft gluon fields A%, The
leading power Lagrangians for collinear quarks and gluons are [2 [6]

7D, lpm) ?fn, (A.5)

E%Og) @Tr{([zDﬁs,zDzs])Q} + TTI“{([Zaﬁsa Anpl) } + 2Tr{cn[ iOnsy, [iDps, ¢ H} .

1
n£ —fn(zn Dy +711an_ -

where we used a general covariant gauge for the collinear gluons with gauge fixing parameter 7. The gauge
fixing terms are gauge invariant with respect to the ultrasoft field which acts like a background field. An

independent gauge fixing term is specified for the ultrasoft gluons in the gluon action in L’fg).

The Feynman rules that follow from the leading order collinear quark Lagrangian are shown in Fig.
Each collinear line carries momenta (p, p,) with label momenta p* = n-pn*/2+p/| and residual momentum
py. Only one momentum p or p’ is indicated for lines where the Feynman rule depends only on the label
momentum. The Feynman rules between collinear gluons and ultrasoft gluons are shown in Fig.

If we add a mass the leading power collinear quark Lagrangian becomes

= 1
£ =&, |in-Dyy + (Bt — m)-———(iD1 +m) zgn, (A6)

n

and the modified Feynman rules are shown in Fig.
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A.2 Massless and Massive SCET at Leading Power A Lscer AND SCET FEYNMAN RULES

,,,,,,, N _ it np
(p,pr) 2 n'pTﬁ'p‘FPi‘HO
w,A
2
Q _
q
= oA, B
3 =1igT" ny 5
q
,,,,,, ),,,,,3,,,,,},,,,,,,
u,A 1 ’ o
_ A 7/1751— Zji-'yu _ PibL ﬁ
igT |:n/i+ np + n-p’ ﬁpﬁp’nﬂ 2
,,,,,, ),,,,,, ,,,,,),,,,,,,
!
p p
_ g TATB | 11 bl it yipL 7
- n-(p—q) ’)/,u fyy n-p ny -p’ n,u + ﬁpﬁ.p/nﬂnl/ 2
i TBTA | 1 1 kb - W Pl — — | ¥
, T ey | T mp T gt T Rppr | 3
p p

Figure 15: Order A\’ Feynman rules: collinear quark propagator with label p and residual momentum

pr, and collinear quark interactions with one soft gluon, one collinear gluon, and two collinear gluons
respectively.
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A.3 Massless SCET at Subleading Power A Lscer AND SCET FEYNMAN RULES

a, b,v : quq
BEEEEE OO 606600 = — —t - —(1—7 _“”) )
(@, k) n-gn-k+qi +i0 <gW ( )n-qn-k—i—qi b
a,
\
Q
q
b, v Q c, A
B i st = gf%n, {7 q g0 — 3(1 — 1)[Arqw + Mwgan] }
qi 92
~ a, b,v
2.
2\
@\ 1. 2 abe pcde (= =
= —3gny, feef (n)\gup - npgu)\)
g 7\‘ +fadefbce (ﬁyg)\p _ ﬁ»\gyp) + facefbde(ﬁyg)\p _ T_Lpgy,\)}
s p C’
a,u b, v
= \%\% é zg n,ununpn)\( ){facefbde fadefbce}

’ E /-i::?‘

Figure 16: Collinear gluon propagator with label momentum ¢ and residual momentum k, and the order
A0 interactions of collinear gluons with the usoft gluon field. Here usoft gluons are springs, collinear gluons
are springs with a line, and 7 is the covariant gauge fixing parameter in Eq. (4.57).

A.3 Massless SCET at Subleading Power

In this subsection Lagrangians and Feynman rules are given at subleading power in SCET;. There are
several contributions to the subleading SCET] Lagrangian at O(\) and O(A\?) [17, [7, 18],

LH=3" (ﬁ( )+ L0+ L)+ £;f)) (A7)

n

£@ =S (e 8 + 28+ £

n

For the O(\) subleading Lagrangians we have

1
Lo, = Xn =59 GBniths + e, (A.8)
1 I 1 7
[’nf - Xn(llﬁsj_ﬁ ,P nJ__’_lwnJ_ — ,P m ) Xn »
2 . w0 .
57(119) = g—QTr<[zDﬁs,z’Dm_} [anSM, 1Dy | Z,D )

£ =or Tr([iDg‘J_,AnLM] [0y, Ay, ])
+ 2T (e iDL [ ca]] ) + 2T (0 [PH, [Wai DEW, 0] ) -
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A.3 Massless SCET at Subleading Power A Lscer AND SCET FEYNMAN RULES

,,,,,,, —— e _ np
(v.7) 2 wpe ity
u,A
A B
= =3 .
= =igT"ny 9
,,,,,, — e
u,A l(]ﬁ r_ 1 ’ ~
oA tm) | Giom)y  em)(putm) - | o
=197 [n# + n-p + n-p’ n-p n-p’ )
,,,,,, },,,,,, ,,,,,),,,,,,,
P p'
_ag?TATE | 1L @t s emyy o @em)(utm) S o |
19> 7B T4 Y Butm) o @Bmoi o @Aem)putm) o = |
, + %—er/) |:/7V ry,u - ﬁ—;nﬂ - n-p’ - Ny + J_ﬁ-pﬁ-pl/ e 2
p p
Figure 17: Order A\ Feynman rules as in Fig. but with a collinear quark mass.
For the O(\?) subleading Lagrangians we have
2
£l =x tuk [Whin-D W,] dus + hic.., (A.9)

w\&w

Sﬁiw = Xn ZZ%L% igB 1 thus + hec.
5225) = Xn| BDs1 ZleJ_ Ly zn 138 wnj_> %Xna
LO = ;2Tr([m¢;s, iD3] (D iD%] ) + glzTr([iDgL,z’D;’ 1[0 1D7,) )
+ 912 Tr([ﬂ)ﬁs, in - Drs) [{Dpsp, i1 - D D + ;Tr([iDél,iDZL] [’LDnH,ZDé;]>
ﬁ( ) =1

Tr([zDSl,AnJ_u] [zDsL,Am_l,])+TTr<[m Ds,n-A Hza A, ])

ns?
+2Tx (e iDL [Wai D5 W ca]] ) +Tr(ealin - Dy, fin - D, ca]])
+ Tr (én [P, [Whin - DWW, cnﬂ> :
The RPI connections for the gauge fixing and ghost terms do not follow the same rules as other contributions
since they are not collinear gauge invariant. Therefore in addition to the usual connections, in the results

above we use RPI and ultrasoft gauge invariance to connect iﬁﬁ |+ iDg | and n-P +in - Ds. Note that
all of these Lagrangians are listed prior to making the BPS field redefinition. The subleading power gauge
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A.4 Subleading Heavy-to-Light Currents A Lscer AND SCET FEYNMAN RULES

w,a
. a i _ gj_
Q. 1) = 19T [% _n“n_-q}
(P, %)
__)___
, ,b
Y L, ThTe [nunyﬁl L }
= ) - n
(4y,ty) (45,1t2) g n-q n-p T T
______ ToT [, Pt
) +ig® = { b ’ —ﬁny}
n-q2 n-p

(1)

Figure 18: Feynman rules for the subleading usoft-collinear Lagrangian [,51

gluons (springs with lines through them). The solid lines are usoft quarks while dashed lines are collinear
quarks. For the collinear particles we show their (label,residual) momenta. (The fermion spinors are
suppressed.)

with one and two collinear

fixing terms at subleading power were discussed in [19], but using a different organization of the subleading
operators than what we use here.
All Feynman rules for Egz)

with zero or one A# gluons and any number of - A,, gluons. The one and two-gluon results are shown in

involve at least one collinear gluon. From Eg) we obtain Feynman rules

Fig. For L’ga) we have Feynman rules with zero or one n-A, gluon and any number of - A,, gluons.

The one and two-gluon results are shown in Fig. Finally, for L’gb) one finds Feynman rules with zero,
one, or two A:- gluons and any number of 7i-4,, gluons. In this case the one and two gluon Feynman rules
are shown in Fig. 20

For the Lagrangian ESE’Q) all terms have two collinear quarks. There are terms with no gluons that yield
kinematic corrections induced by the multipole expansion on soft momenta flowing through propagators.
There are also terms with only usoft gluons. Finally there are are terms with one or more collinear gluons.
A few of the lowest order Feynman rules are summarized in Figs. 21| and

The Mixed Collinear 3-gluon vertex is:

1 1\ a* p2 At
gip{ Ll (R K s } 2

n

=g fABC

AV

1 2n 1 p
(1= - o) ]
n n

x (gpla — W) (A.10)

A.4 Subleading Heavy-to-Light Currents

Here we give Feynman rules for the O()) heavy-to-light currents J(1%) and J(*) in Eq. (??) which are valid
in a frame where v; =0 and v-n = 1.

For the subleading currents the zero and one gluon Feynman rules for J(® and J(®) are shown in
Figs. 23| and [24] respectively. (From the results in the previous sections the Feynman rules for the currents
with v; # 0 and v-n # 1 can also be easily derived.) For J (1a) the Wilson coefficients depend only on
the total \Y collinear momentum, while for J(1%) the coefficients depend on how the momentum is divided
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w,a
a% ln’ﬂn t
a,0) = Z9T§<”u— P )
(p, k)
__).___
u,a v,b
) 2 rabcric
S —g* [T g
(q,t) § — —rﬁ.q 5 n'u,ny
S (p.K)
__)___
ToT? Aty 4+t
w.a v,b ig? = [—nun,j—i-nunyn (}'F 2)}77‘
n-qo n-p 2
(4y,tp) (493,15) = ,
L, T o n(ti+ )]
.0 +19 n-ql[ nynu—knunyiﬁ.p 5

Figure 19: Feynman rules for the O()\?) usoft-collinear Lagrangian Efqa) with one and two gluons. The
spring without a line through it is an usoft gluon. For the collinear particles we show their (label,residual)
momenta, where label momenta are p, ¢, ¢; ~ A% and residual momenta are k,t,t; ~ \2. Note that the

result is after the field redefinition made in Ref. [?].

w,a
a
L = 4
@0 = Yz 5[%% M ﬁ.q]
(p. k)
__)___
) ,b _
E Y IR TR ) o)
g — 9 ’Yp, T — (7# nV+’YV n#) —
(4,,t1) (495,t5) _ n-q2 n-p n-qo
+nuny<(’ﬁ'p)2 + 'Fbp'f_lq2 + [(a)lu’a qi1, 1) <~ ( yVyq2, 2)]

Figure 20: Feynman rules for the O(A?) usoft-collinear Lagrangian Egb) with one and two gluons. For

the collinear particles we show their (label,residual) momenta, where label momenta are p, ¢, ¢; ~ A% and
residual momenta are k. t,t; ~ \2.

between the quark and gluons. The J(1) current has non-vanishing Feynman rules with zero or one At
gluon and any number of 7i-A4,, gluons. The possible gluons that appear in the J() currents are similar,
but the current vanishes unless it has one or more collinear gluons present.
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Figure 21: Order A\! Feynman rules with two collinear quarks from Eé?.
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B WILSON LINE IDENTITIES AND FEYNMAN RULES

(p;pr) (2) 2
— Zﬁ bry
= —-X--> - 2 np
w,A
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= 2 | np (n-p)?
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$A W — — = = _ — _ _
w — TA % n“pri . n”p;i . ’Y,f]ﬁn-pr . ﬁi’yﬁn-pT B n“zﬁﬂ_}ﬁn-pr + n”zﬁﬂ_]lh_n-pr
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Figure 22: Order A\? Feynman rules with two collinear quarks from Eé?.

(d)e
=)-=®——>——— = B(d)(— ) pé_ T
(P, k) n-p
(1a)
a (d)
o o (d) (— s A gT d n“pi"f
>0 = =i B (n-(p+9)) (1) T g
(q,1)
w,a

Figure 23: Feynman rules for the O()\) currents J(1%) in Eq. (??) with zero and one gluon (the fermion
spinors are suppressed). For the collinear particles we show their (label,residual) momenta, where label
momenta are p,q ~ A% and residual momenta are k,t ~ A2. Momenta with a hat are normalized to my,
p = p/my etc.

B Wilson line Identities and Feynman Rules

Some useful Wilson line identities include the connection between fundamental and adjoint lines
WiTAW, = WABTE W, TAW, = TBwWBA (B.1)
where the unitary and orthogonal conditions for these lines are

WiWw, =Ww,wj =1, WACWBC = 548
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C MATHEMATICAL IDENTITIES

J(lb)
=)-=(:}—>——— =
(p, k) 0
LN = B (e ag) L | - e
my n-q
@,t
w,a

Figure 24: Feynman rules for the O()\) currents J(*) in Eq. (??) with zero and one gluon. For the
collinear particles we show their (label,residual) momenta, where label momenta are p,q,q ~ A%' and
residual momenta are k,¢ ~ A2. Momenta with a hat are normalized to my, p = p/my, etc.

In momentum space for a gluon with incoming momentum & the Feynman rules can be read off from

A 5 A A = A
gT?n-A gTn-A
: rCAB 7 C - rCAB 7 C
gif n-A gif n-A
WAB — 4B 4 mk oy (WhAB = 548 _ L

A

by replacing the gluon field by the gluon-polarization vector €. With the fundamental gluon building

block in SCET
1
gB" = [WliD!" W,] = [EW,I[M . Dy, iD" l]Wn] — g A, (B.3)
1
B = LGB WA
we have
W)iiD! W, =P +gB" . (B.4)

For some applications it is also useful to define fields that are matrices in the color octet space which we
denote with a tilde

L ,
B = —ifAPeBE, (B.5)

C Mathematical Identities

C.1 Loop Integral Formula
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C.1 Loop Integral Formula C MATHEMATICAL IDENTITIES
C.1.1 Loop Integral Tricks

The following Feynman parameter tricks are useful when combining quadratic propagator denominators
of loop integrals:

a1yl = /Oldx a4 (b — a)a] -2 o
-m—n _ M 1 i xn*1<1 _ x)mfl
C T Tr(m) /0 P

1 1-—x
a_lb_lc_1:2/dx/ dy [c—l—(a—c)a:%—(b—c)y]*?)
0 0

1 1
=2 [ dx dy:p[a—l—(c—a)x—l—(b—c)xy]_g,
0 0

—n

all...agl:(n_1)!/01dx1--.dxn (Y wi—1) (Y ma)

m; ! - mi—
(af" - an) ™ = F(mrl();-l“()mn) /0 dary - din 5(2:1;1 B 1) (inaZ) [T

To get the fourth line from the third we let 2’ = 1 — x and y' = y/2. For integrals involving a propagator
that is linear in the loop momentum, it is convenient to combine it using the Georgi parameter trick:

atpl = /OOdA [a+bA] 72, (C.2)
0

a1b = q/ dX [a+bA] " = 2q/ dX [a+20A] 70T
0 0

D )
a_q b_p _ 2 F(p+Q) / d)\ )\p—l [a+ 2b)\]—(p+Q),

I'(p)T(a) Jo
a b et = 2/ dAdN [e+aX +bA] 77 = 8/ AN [e+ 2aN +20A] .
0 0

The Schwinger trick can also be useful, particularly for higher order loop integrals with many eikonal
propagators:

*”—(_1)11 Ooaoc’jflex «
A= /Od p[ad]. (C.3)

Massive propagators can be expressed in terms of massless ones using the Melles-Barnes trick:

100 _m2 s
(k2 — m?)~" = ;m,r(ly) / ds WF(—S)F(V +s). (C.4)

Finally, for easy reference, we note the theta function identity:

+oo 6iwz
0(z) = - / du (C.5)

T omi oo w — 10
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C.1 Loop Integral Formula C MATHEMATICAL IDENTITIES
C.1.2 Parameter Integrals

Useful parameter integrals include:

/1dx 21 —z)bt = L(a)T(b) (C.6)
0

/olaxdib:iln[a:b}%a[ n(a +b) — Inb]

LG)C(m)T(ec—b)T(c+m —a—Db)
IL(c+m—a)l'(c+m—0b)

1 1
/ dl‘/ dy xc—l(l . .T)m_lyb_l(l . y)c—b—l(l _ xy)—a _
0 0

/Oocu( S

aA+b) P = —

0 a(p—1)

/OOdA N /Oo N4 atPTHT(14p— gl (=1 - p+29)
0 (A2 +al)d A+a)? I'(q)

Another useful integral for increasing the convergence:

(A+b0)(A\2 +2bA +a)*  2a(a —b?)
14 2« 14+ 2«

/d/\ (A2 420X +a)® = /d)\ (A% + 26\ +a)> ! (C.7)

C.1.3 d-dimensional Integrals
The d-dimensional phase space can be decomposed as
d"p = dpp™1dQ,, = dpp"'d(cos ) (sin )" 3dQ, 1 , (C.8)

where [ dQ, = 27"/2/T'(n/2). Including 2rs, if the integrand does not depend on some of the angular
variables, then those integrals can be performed, which (progressively) gives

d"p (2/ym) -1 : -3 2 -1
d'p = = dpp™d 0 O = ——r—— dpp" . C.9
j% @n)" ~ (@m)P0(2 — 1) pp (cos ) (sinh) (dm)"/2T(2) pp (C.9)
The basic Euclidean integral appearing at 1-loop is
(a2)" 1 T(n/2+a)0(B-—a—n/2) 540
Ao ——C = An/¥o=h C.10
Jms @2 T2 1) ’ (C10)
and the Minkowski version is
2\« S 1\a—p -
/dnq (q ) _ Z( 1) F(n/Q + a) F(B « n/2) An/2+af,3 ] (C.ll)
(?—A)F  (4mm2  T(n/2) I'(B)
When we use the Schwinger trick we encounter the exponential integrals:
2 i d/2 2
/El”q exp [Aq +2B- q] (dm)i72 A=Y exp [ - B /A] ) (C.12)
m 2 ) i —B" d/2 _ p2
/d”q qg" exp [Aq + 2B q] (47r)d/ ( )A exp [ B /A] ,

i (B“B” g

/dnq ¢"q"exp [Aq® +2B - q] = @mdaz \" A7 24 JA~ e [ B2/4]
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C.2 One Loop SCET Integrals C MATHEMATICAL IDENTITIES

For massive propagators the euclidean Fourier transform is sometimes useful:

. ik-R 9r—1/2 ©  pn—l 1 neg .
V(R,m):/d”k _© - AN /dk:”/ da (1—22)"F ei*Re
RF2pm? (4 Pr(egt) Jo o k2 m? )

1

PETE m" 2 RY2K L n(mR). (C.13)

where K, (x) is the modified Bessel function of the second kind. Note that K, (z) = K_,(z). For n = 3,
V(R,m) = e~™% /(47 R). Inverse transforms

1 D — 1 D —
= = / d"Re BV (R, m), e ——— / d"Re " * BV (R,m), (C.14)
k% +m? (k2 + m2)e
where the generalized transform for power « is
Va(R,m) = 21_a(m)”/ UK,y (mB) (C.15)
a\il, - (277)”/2F(a) R n/2—«a : .
C.2 One Loop SCET Integrals
C.3 Useful Function Identities
The fractional I" identity is
LETER) e
=9 1
e T (C.16)
and conversion to trig is
7r
MNx)(1—z)= Sn(r7) (C.17)

Polylog identities for any complex z are

Lig(z) = —Lig(1 — z) + ﬂ; — In(z)In(1 — )

. e 7 1
Lig(z) = —Lia (5) ~ % 3 In?(—x) (C.18)
Hypergeometric identites:
I'(c) ! b—1 —b—1 _
Fi(a,b =———"— [ dtt 1—-1)° 1—tz)™¢ C.19
2 1(@, 7072) F(b)F(c—b) A ( ) ( Z) ( )

I(e)I'(c—a—10)
I'(c—a)l(c—10)

2Fl(aa bv ¢, 1) =

An identity for the incomplete Beta function:
a

B.(a,b) = / dtt 1 — )bt = % oF1(a,1—b,1+a,z) (C.20)
0
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C.4 Convolution identities C MATHEMATICAL IDENTITIES

Some logarithm identities

In(a

b) = Ina + Inb + 27i [0(—Sa)d(—Sb)8(Sab) — H(Sa)d(Sb)(—Sab)] ,
) =

In(ab) =Ina+1Inb if sign(Ja)# sign(Jb) or a > 0 is real,
2
(i i_ Z)\) n(z 4+i\) —In(z —i\), In(2% 4+ A\?) = In(z +i\) + In(z — i),
? 1—dw 1 1+w
arctan(w) = 3 In (1 n iw) , arctanh(w) = 5 In (ﬂ) (C.21)

C.4 Convolution identities

In calculations involving massless quarks and gluons, the +-function distribution frequently appears. Here
we summarize identities for the +-function following Ref. [22]. We define a general plus distribution for
some function g(z), which is less singular than 1/z% as x — 0, as

[a(2)] £ = [(x)q()] (C.22)
.d
= tim [0 — ) Q. 20)]
= lg% [(9(33 - 6) Q(‘T) + 5($ - 6) Q(l‘a :EO)] )
with
Q(x,x9) = /xdx'q(wl). (C.23)

The point xy can be thought of as a boundary condition for the plus distribution since Q(xg,xg) = 0.
Integrating the +-function against a test function f(z), we have

J/$medw[9($)q(m)ﬂf°]f(x) (C.24)

—00

_A%mmm@nﬂ@—fmn+ﬂmQ@mm%*

Taking f(z) = 1 in Eq. (C.24]) one sees that the integral of the plus distribution vanishes only when
integrated over a range with xp.x = o,

/ dz[ el = . (C.25)
Plus distributions with different boundary conditions are related to each other by

[0(x) ()] = [0(2) (2)]'") + 6(x) Q(a1, w0) - (C.26)

Below and in the text we exclusively use the boundary condition x¢ = 1, and will always drop the superscript
[xo] on the plus distributions when this default choice is used. The general discussion is included here
because it is sometimes needed when comparing results in the literature.

A special case the often occurs is a power ¢(z) = 1/2'~% with a > —1, for which we define

£oz) = [6(3:) } =i a4 [G(m _g¥= 1] . (C.27)



C.4 Convolution identities C MATHEMATICAL IDENTITIES

Here L£%(x) for a = 0 reduces to the standard definition of [#(x)/z]+. Another common case is ¢(x) =
In" z/x with integer n > 0, for which we define

_[0@)In"x] . d In" g
Since both £%(z) and L, (x) have the same z¢p = 1 boundary condition, they are related by
Lo@) =L rog) (C.29)
T dan . )

Thus we can derive identities involving L, (z) from identities involving £%(x) by taking derivatives with
respect to a. Finally, for the general case involving both powers and logarithms we define

H(x)ln":r} _ o+

o , (C.30)

b=0

x)

e = |

:L.l—a

which satisfies £0(z) = L,(z) and £&(x) = L%(z). To provide continuity in various formulas it is also
convenient to define

L_1(x) =LY (x) =0(x). (C.31)

The following identities are also useful

dm
m-+n =—L7 ) .32
Lnsnl®) = g £3@)| (C.32)
d™ L& (z) — Ly(z)
m+n = 1 ’
Lintnt1(z) = (m+1) - . .
dam £a+b(1:) _ £a(x)
a — 1
m+1($) (m + )dbm b bzov

d Ly (x) =n xLy_1(x)

dlng ~ 7™ no

The L£%(x) satisfies the rescaling identity (for A > 0)

a . d (Az)* =11 4 ra A —1
ALY(Ax) = lg% P [H(x €) a} = \Lx) + - i(z), (C.33)
from which we can obtain the rescaling identity for £, (x),
dr In" 1\ = (n In" 1\

n(Az) = — AL = "X\ L, : 34
ALy (Ax) da”)\ L(x) a:0+ T i(x) 2 (k) n"A Ly, _p(x) + ] i(x) (C.34)

We will also need convolutions of two plus distributions,

d xath A L |
a _ b — i — .
Jorea—new=mifoe-o[Zoven+ ===
5(z) 11 1 1
_ a+b - - a+b _~ pa b

— (,c (z) + —a+b>V(a,b) + (a + b)c (2) = 7 L) = L) (C.35)
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C.5 Laplace transform Identities C MATHEMATICAL IDENTITIES
In the second step we used the definition in Eq. (C.27). Here V' (a,b) is defined by

V(a,b) = W _ % _ % , (C.36)

which satisfies V(0,0) = 0. Taking derivatives with respect to a and b we can get the corresponding
formulas for convolutions involving £,

/ﬁyﬁ%x—wl%@%:i;(ﬁﬁWx%+j$L>vmm)hﬂ+ wnle) | Lile) Lo
e 1 )
= > Via)Li(a) — — La(a),
k=—1
/ Ay Ll =) £alt) = 3y 35 <£”+”(x) + jfi)) V)|  + (m1+1 + - i ) Lot (@)
m-+4n—+1
= > V" Lp(x). (C.37)
k=-—1

The coefficients V;(a) and V" are related to the Taylor series expansion of V(a,b) around a = 0 and
a = b = 0. The nonzero terms for n > 0 are

¢ d"

aiV(a,b) 7 k=1,

db™ a+b |,

n—k
V@) =< o (MY Sens 0<k< (C.38)

a<k db”*kv(a’ )b:0+ n, 0<k<mn,

L, k=n+1.

n+1

The term g, in V] (a) and the last coefficient V', | (a) arise from the boundary terms in the convolution
integral. The V;™" are symmetric in m and n, and the nonzero terms for m,n > 0 are

(d™ 4" V(a,b) R
da™ db" a+0b |,_,_,’ -
m n dm—» qr—a
v = ) k(m) " — V(a,b , 0<k<m-+n, (C.39)
k pzo % p+q, P q dam_p dbn_q ( ) 4eb—0
1 1
_ k=m+n+1.
m+1 n+1

The last coefficient V"', . | again contains the boundary term. Using Eq. (C.31)) we can extend the results
in Eq. (C.37) to include the cases n = —1 or m = —1. The relevant coefficients are

Vi) =1, Vi'a)=a, Vi@=0, V,

Ln = an’il = Onk - (040)

C.5 Laplace transform Identities

The main equation to calculate the Laplace transform of the generalized distributions introduced above is
the relation

AN 1 h —vt 1 w t 1
(vp?) — = ) /0 dte L”ﬁ (/”) + w(S(t)} (C.A41)
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C.6 Plus functions from Imaginary parts C MATHEMATICAL IDENTITIES
where t is a variable of mass dimension j, while v is a conjugate variable with mass dimension —j. Using
the identities in Eq. (C.29)) one can perform a Taylor series in w of the right hand side of this equation to
find

VBT (w) (! )™ = '/Oxdtel’[ [ )+ Z AT k(lﬂ)] (C.42)

where g is Euler’s constant and
v=eFy (C.43)

By also performing a Taylor series of the left hand side of this equation one can obtain the Laplace transform
for any L. The first few terms are

Jo ’ 6 3

I 7 3
‘ 1 t log? (5/1,‘7‘) 72 log? (ﬁ/J,j) ; 37t
dte ™ =Ly — ) =— = 2 (3 log (! : C.44
/o o <,1,-7> V. 1 + 2Gslog (714') + g5 (C44)
One can also easily invert the Laplace transform. The relevant general identity is

1 et —w 1 [1 t 1.
dv e’ (vi! =— | =LY — —o(t)| C.45
270 Jooioo (i) I'(w) LN </1~’> "o ()} ’ (C.45)

where c is any constant that gives a convergent integral.

C.6 Plus functions from Imaginary parts

Sometimes it is convenient to calculate functions appearing in factorization theorems by taking the imagi-
nary part of a forward scattering graph. An example is the inclusive hemisphere jet function. The following
identities for a dimensionless variable x are useful for these calculations,

. 4 n (%3] : :
Im[ln(_x_zo)} = cos® (m)(_ﬂw&x) + @ 17! 7r2.] Ln—2j-1(z), (C.46)

w(—x—10) 2 n+1 = 2j+1)(n—25—1)!

where [p] on the sum is the greatest integer not exceeding p, sometimes also called the Gauss bracket of p.
For the first few orders this gives

% m[:piio] = (=), ilm[m(;i;ozo)] = —Lo(x), (C.47)
ilm[(gjjio)z} = §'(x), ;Im[W] - 7;25(:5) —2L4(x).
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D QCD SUMMARY

D QCD Summary

D.1 Fields and Feynman Rules

The SU(N.) QCD Lagrangian without gauge fixing is

L= 9P — my — GAG™A, Gy = Oudy} = 0, A7 + g fAPC AT AT (D.1)
iD, =0, + gAT?, [iD,,iD,] = igGs, T .
Note our sign convention for g. The equations of motion and Bianchi identity are

(Zp - m)¢ = 07 8MG:?V = _ngBCABNGSV - Q&PYVTAw’ EMV/\U(DVG)\U)A = 0. (D2)

Useful color identities include

TATA — Op1 FACD ¢BCD _ (1, 5AB. FABCTBC _ %CATA’
TATBTA _ (CF C;A>TB JABC JABC _ 4730 , JABC JA'BC _ gaAA/ 7 (D.3)

where Cp = (N2 —1)/(2N.), Ca = N, Tr = 1/2, and Cp — C4/2 = —1/(2N,). The color reduction

formula and Fierz formula are
5AB

TATB =
2N.

& ¢ ABCHC Ay pAy Lo 1o
+ AT, (T (T*)ee = 5 Giediy N 530kt (D.4)

The Feynman gauge Feynman rules for fermion, gluon, ghost propagators, and the Fermion-gluon vertex
are

i(p+m) —ighv 4B i

_WpTm) gV TA | D.5
P2 mZti0’ 210 Rt 9 (D:5)

The triple gluon and ghost Feynman rules in covariant gauge for {Aﬁ(k), AB(p), Ag(q)} all with incoming
momenta, and A (p)AE ¢© with outgoing momenta p are:

gf P g (k= p)P + ¢"(p = Q" + 9™ (g — k)"] —g fAPCp (D.6)
In a general covariant gauge we have the gauge fixing Lagrangian and gluon propagator

(0. 4%)?

- _ DF (k) =
‘Cgf 25 ) ( )
where Feynman gauge is £ — 1 and Landau gauge is £ — 0. In background field covariant gauge L, =
—(DﬁQf)Q /(2¢), where Q;‘ is the quantum gauge field and Aﬁ in Dﬁ‘ is a background gauge field. Here

the triple gluon Feynman rule for {A;‘(k:), QB(p), ng(q)} is:

k2:rz'0< -a _g)kuky)’ (D7)

fABC[“”(k p—%) +g””(p—Q)“+g”“(q—k+§>y]- (D.8)
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D.2 QCD [-Function

In d = 4 — 2¢ dimensions the MS coupling constant obeys

Mdi as(pu) = —2eas(p) + Blas) , (D.9)

where [(ay) is the QCD S-function. Expanding it in powers of as we have

> g\ ntl
5) = —2asnzoﬁn(47r) : (D.10)
where the coefficients to three loops are [?, 23]
Bo = E Ca— % FNf,
B = ch— (ch +4CF> Trny,
By = 2857 - Ch+ (C% C’FCA - %CA) 9Ty + (151 Cr + %CA> ATE 03, (D.11)

Here 3 depends on our choice of the MS scheme, while Bo,1 are scheme independent within massless
renormalization schemes. The term involving € in Eq. is needed when deriving anomalous dimensions,
but we can take ¢ — 0 when defining the physical coupling constant and solving this equation for the
running coupling. At leading logarithmic order we keep only the Sy term and have the solution

s (o) 2m 1 1 ﬂo N
() = _ , _ L D.12
) oo . ol o)~ ) T an ™ (B-12)

In the first case we write the boundary condition in terms of the QCD scale parameter Agcp (defined
at this order), while in the second case we use the coupling specified at a fixed reference scale pg as the
boundary condition. Extending the solution to three-loops gives

1 _ X ! as(po) [ P2 Bi/nXx 1
as(p)  as(po) " 47 By X 1672 [,80 <1 ) + 50< Ty 1)] (D.13)

where X =14 as(p0) 5o In(p/10)/(2m). Using the analytic solution in Eq. (D.13]) gives results that agree
very well with numerically integrating Eq. at 3-loops with € = 0.

D.3 QCD Cusp Anomalous Dimensions

Operators that involve Wilson lines that meet at an angle, where at least one line involves a light-like
direction vector, will have renormalization group equations that involve the universal cusp anomalous
dimension ['¢ysp. Taking ¢ = ¢, g for fundamental quark induced lines or adjoint gluon induced lines
respectively, we can expand the cusp anomalous dimension in powers of ay as

Tousp(@is) = i I, (%;)HH : (D.14)

n=0
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Up to three loop order the cusp anomalous dimension has been proven to be universal and obey Casmir
scaling, so that the difference between the quark and gluon cases is an overall color factor. The coefficients
of the quark and gluon cusp anomalous dimensions in MS are [?]

rd = gFrg, Y =4Cq, (D.15)
A
Cr 72 20
q __ 1 g __ - _ =
A A Cae)
Cp 245 13472 1lxt 922G 418 4072 560
T4 2. T9—4C [ e >02 (—— )C T
2T 0,9 2 SANNG o7 T us Ty )YAt Ty Ty T3 Jeadtry
55 16 5 4
+ —§+16C3>CFTF7”LJ£ 27Tani|'

E General All-Orders Resummation Formula

E.1 Simple multiplicative RGE

In this section we give the generic solution for a simple multiplicative renormalization group equation of
the form

d B Za I

u@F(s,u) =r(s, 1) F (s, 1), Yr(s, 1) = r Leusplavs] In | = | +yr[as]. (E.1)
Here s is a variable of mass dimension j, I'cysp is the cusp anomalous dimension given in Sec. and pp
is a constant that varies depends on the function F' being considered.

Integrating Eq. (E.1)) from pg to u by changing variables to as with d1n p = das /5[] gives the solution

F(s, 1) w
1 [7}:w o) In {22 ) 4 K (u, o) E.2
n F(S HU) F(,U, /LU) n ( P + F(M ;UU) ) ( )
where we define
wr(p, o) = p/TF nr (4 fo) Kp(p, po) = Kyp (11, po) + prEr(p, po) , (E.3)
which are given in terms of
) g ) o
nr (i, po) = / —— Leuspla], Ky (1, o) = / —— Yrla],
Jas(po) 8[(}(] o as(po) d[”}
as(p) dov fe! do/
Kr(u, po) = / —— Deugpl] / — (E4)
as(po) ;3{(1’] o Jas(po) 8[&/}

Thus, exponentiating Eq. (?77), we can write the solution to the RGE in terms of the boundary condition
F(s, uo) by

F(Sa ;U) - MF(S? H, ;UO)F(S? /‘0) ) (ES)
with the evolution kernel

J

) »(kp0)
Ur (s, i, o) = efFlmo) (:‘0) . (E.6)

S
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E.2 RGE with a Convolution E GENERAL ALL-ORDERS RESUMMATION FORMULA
This solution is correct to all orders in perturbation theory.

Taking the expansions for f[a;] and I'eusp[as] from Egs. (D.10) and (D.14), and writing

an (—W)Hl (E.7)

n=0

we can solve for Kr(u, po), nr(p, o), and K- (u, o) order by order in resumed perturbation theory in
terms of the coefficients 3, I'y,, and vg,. For simplicity we suppress the ¢ superscript on I'},. Up to NNLL
order the solutions are

) 4 r 5/ 1, 9
Kr(p, o) = — > 7177 1 R e N R Y In:
(4t o) 4‘35 {%(/10) ( nr) + <F0 5o ( r+Inr)+ 5 n°r
as(po /32 1 sl B
L 2 . ! 1_,; ,l»,
+ in {(52 ﬁo) 2 ) + (/J)OFO 2 (1—7r+rlnr)
—r)?

-(5-am) =)
Lo Bolo

r (o) (T 3 2(ug) (T 3T 52 Bo\r2—1
nr(p, o) = —2—;0 |:hl7“+ (o) <1 - h)(rl)Jr % (o) <2 _ Al + = - /2)1“ ] ,

41 F() /3() 1672 r() /3QFO ﬂé /3)0 2
8 as(po) (v P
= o (2]
/

Here r = as(p) /s (po)-

E.2 RGE with a Convolution

In this appendix we solve the general anomalous dimension equation
d +oo L eusplas] 1 t
H- Pt ) —/ (bt ) (), et ) = — P eosls] fzo(f,) Fyr[as] 6(t), (E.9)
H J—c0 J I I

where t and ¢’ are variables of mass-dimension j. To solve Eq. (E.9)) we take the Laplace transform which
yields a simple multiplicative RGE in the Laplace space variable y:

d ~ ~ /)Frcus > Os i~
1 duF(u 1) = Ak (y, 1) F(y, 1) Yr(y, 1) = jﬂ]ln(y w e"F) + yp o] . (E.10)

where the Laplace transforms are defined by

F(;l/,u,)/ dte V' F(t, ), ﬁp(;z/;/t)/ dte Vi yp(t,p). (E.11)
Jo Jo

The form in Eq. (E.10) matches that of Eq. (E.1) with the replacement ye?® = 1/s, so we have already
obtained the solution in Eq. (E.6). To obtain the solution in ¢ space we can take the inverse Laplace
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transform, using Eq. (C.45)), to find
1 c+100 . ) wr( )
F(t,p) = dye?! [6[‘““”‘“”(1/ i €2 R (y,uo)}

2m J c—100

1 c+100 ) 00
= efrtpo)_—_ / dy e (y s eA’E)w"‘W’HO) / dt’' e VY F(t, wo)
c JO

27 oo

K (p,10) h 1 e (t—t") ' W (f1,440)
= eftr(k:po dt’ F(t' ug / dy V=) (g 1 ye ) o
/0 (t', o) omi ), Y <.// 0 )

J c—1i00

oo
= / dt’ Up(t —t', p, po) F(t', o), (E.12)
Jo

where the evolution kernel is

e VEWF (15100) eKr (p5100)

L[ —wr(p, po)]

UF(f, M, /1'0) -

1£’~F</l-ﬂ~>(f'> - 1)5@)] : (E.13)

1 wh)  wrp, po

For the cases with convolutions a few additional identities are useful. The evolution kernels obey

/dT/ Up(r =o' pwpr) Up(r' — 7" pr, o) = Up(r — v, p, po) (E.14)

which states that it is equivalent to evolve through an intermediate scale, g — p; — p, or directly from
o — p. To verify Eq. (E.14]) one needs

/d’l”//[,wl (T_?Q”) Lw2 <T”_'T/> _ F('_wl)r(_u&) (/’L})wl Lwrw2 <T_jrl) 7
1 1 ()T (—wi —wa) \ s 1
J
Kp(p, pr) + Kr(pr, po) = wi In <M3> + Kr(p, o) , (E.15)
Hr
where here w1 = wp(p, pr) and we = wp(pr, po). The first result in Eq. (E.15) is straightforward to
derive using the Fourier transform. Another useful identity simplifies the convolution of two U’s that have
the same renormalization scales, but variables with different mass-dimension, and different anomalous
dimension coefficients

/dT'/ Ur (Q,(T’—’I“/), Ky o3 jla F/7 7/7 (.Ul) Ur (TI_TH’ Ky o3 j7 Fv s WQ)
1 ((po)
AN

Here the variables after the semicolon denote parameter dependence, and @’ simply denotes a variable with

mass dimension j — j. Also here wy = w(p, po; I'/j’) and wy = w(p, ue; IT'/j) are simply the w’s obtained
from the other parameters. The final useful identity is

w1
> Up(r—r", p, po; j, ' +T, ' +7, w1 +ws) . (E.16)

hm() UF(T_Tla Ky o3 ja F7 Y, OJ/) = CKF(H’“O;F”Y) 5(T_T/) . (El?)
w'—

F Hard, Jet, Beam, and Soft Functions

In this section we give the expression of the inclusive collinear jet and beam functions, as well as the soft
function for two Wilson lines. These are universal perturbative functions that are common ingredients
appearing in factorization theorems.
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F.1 Hard Functions, ¢ and g Form Factors

In this section we discuss the hard Wilson coefficients for two-quark and two-gluon operators in SCET.
These are related to the quark and gluon form factors for massless quarks in the MS scheme, which are
made infrared finite by converting them to Wilson coefficients in SCET.

Loop graphs generated with the QCD vector quark current J* = t)y*1) are often referred to as the
massless quark form factor, which we will consider in the time-like region. They are ultraviolet finite
since this is a conserved current in QCD, but are infrared divergent. Similarly for gluons we can consider
the scalar current J = G*”G,,, which appears for example when integrating out top quarks for the Higgs
coupling to two gluons. Again we consider this current in the time-like region. In this case is not conserved,
and has an anomalous dimension also in the full theory. By matching these form factor amplitudes onto
the SCET operator with two quark or two gluon building block fields in different collinear directions, we
can extract an infrared finite result for the Wilson coefficient C4(Q) and CY9(Q), where the SCET operators
are

Q) an)/jl_x;m ) Q) BZJ_ BnJ_u . (F.1)

The SCET diagrams have the same infrared divergences as those for the QCD currents, but are also UV
divergent. These UV divergences are canceled by coefficient counterterm Z¢, that appears when defining
the renormalized Wilson coefficients C*(Q, p)

CH)&I‘O(Q./ E) _ Zé~(Q 1L, g) O[(Q [1) . (FQ)

Although displayed here, for simplicity we will almost always suppress the e argument for bare coefficients
and Z-factors. The Hard functions for these quark and gluon bilinear operators are then defined by the
square of this renormalized Wilson coefficient

H(Q% 1) = |CH(Q. )" (F.3)

While the coefficients C*(Q, 1) are in general complex, the hard functions H*(Q, i) are always real. In
order to provide complete information we will present complete results for the C* and only briefly mention
how the corresponding results appear for the H".

Since the bare coefficients in Eq. (F.2|) are py-independent, we can take d/dp of both sides and rearrange
the result to give

. ,. |
Nd(? CH Q1) =10(Q, 1) CH(Q, 1) (F.4)

where the anomalous dimension is defined by

Qi) = —(Z5) "M@ ) [;h Zé:(@u)] ., (F.5)

and has a finite ¢ — 0 limit. The general all orders form for this anomalous dimension is [24] 25]

f\ié"((g /1) - r:tusp(n{b') LQ + A/'éf(aﬁ‘ﬂ‘) : (FG)

where for convenience we have defined the logarithm

Lg=1In <(‘M> . (F.7)

2
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The analogous equations for the hard functions are then

ud(—ﬂ H(Q, 1) = Vi (Q, ) H(Q, 1), i (Q, 1) = 2Re [V (Q, )] - (F.8)

The term multiplying Lg in Eq. (F.6) is known as the cusp anomalous dimension, and its o, expansion
coefficients I'}, to 3-loops are given in Sec. Expanding the non-cusp anomalous dimensions as a series
in o we can write

o

i i Qg n+1
Yo (as) = Z”/m«a) : (F.9)
n=0

Results for the numerical coefficients 'yén will be given below.

The results for the counterterm Zc can be expressed as a series in a(p), Lg, and 1/¢, and can be
expressed entirely in terms of coefficients of the anomalous dimensions, I'},, v¢,, and the S-function, f;.
Up to two loops we have

' as(w) [ T (Lel'h +9¢0)
Zo=1 T2 T 2 F.10
C + o { 5¢2 + 5 ( )
L (@[ ) [2Lo(Th)* + 26T — 3Th60)
4w 8et ]e3
+ [LQQ(F{))Q i ZLQW)(%/'O — Bo) — Fll + (W’}/‘O)Q - 2”/2?050] 4 [LQF'i + %7] }
8e? 4e ’

Since the coefficients of the Ly dependent terms in the renormalized Wilson coefficients are related to the
1/e UV divergences in Zé they are also determined by the anomalous dimension coefficients and lower
order information. Up to two loop order from the quark vector form factor we have [?, ?]

as(p | I AP .
CUQ,pu) =1+ 4;) {— ZOLé? — %LQ + (:(’,1} (F.11)
2 ¢ q N P p
n s (i) (F8)2L4 X Fé(?’“/éo + 2‘50)L3 i [(”/%0)2 + 2507%0 — 2 — 2Fg ch 1} 12
47 32 €@ 24 Q 8 Q
h((] 1T 7?70 (:?7 1T 2/3002) 1
— - 2 LQ + (%2 .

(For simplicity we have not included contributions from massive quark loops in this result.) From the
gluon scalar form factor we include only the corrections from integrating out a massive top quark loop,

Qs (p T3 .2 o+ 2B
CIQ, 1) = as(p)F O (g) [1 + 4<7r){_40Lé? . ’C#LQ + ¢ty ((If)} (F.12)
- as(p))’ (F‘g)QLa + F'g(37'gco+850)L3 + [(70)* +6607¢ 0 +855 — 201 —2TG ¢ (a2)] L?
A 32 ¢ 24 ¢ ® ’
oy 4720 2y (a) + 4Bocs  (qr) + 251] ¢
_ De1 FcoCen - P Lo+ ctolar) ¢

where the dependence on the top quark mass appears in some coefficients through dependence on ¢ =

Q?/(4m3).
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The MS anomalous dimension for the hard function can be obtained [26l, 27] from the IR divergences
of the on-shell massless quark form factor which are known to three loops [2§],

’Yg’() = _6CF5
q 82 65 5
Ve = —CFK3 _ 52§3)CA 4 (3 — 4n2 +48G)Cr + ( 2 )50} ,
66167 68672 3027t 782(3 = 44m3(3
324 81 135 9 9
<151 20572 24774 N 844(3 N 812(3

4 9 135 3 3

vy = —2CF [( + 136C5)Ci

n 120§5>C’FC’A

29 8t 1672
+(2+32+T+68g3— ”43—240@,)0%
10781 44672 4497%  1166(3
(‘ 108 sl 270 9 )CAﬁO
2053 1372 7wt 128 2417 572 2
(Tos 0 )0+ (~5ap + 5+ )R]

108 18 27 T 324 6

(F.13)

The anomalous dimension coefficients for the gluon hard Wilson coefficient to three loops are [?, [29] 20]

Yoo = =200,
Ve = (—% +4C3>CA + (—%8 + 7T2)CA,80 - 25,
(7;19 . 13;;2 ) 631?4 50043)CA5 (48%6 N 5% _ %)cﬁo
( 1;119 N 7;2 N 447: N 15543)0/; By — 28, (F.14)

The constants that appear in the quark Wilson coefficient in Eq. (F.11)) are

71_2
(’(1—019|:8+6:|, (F15)
5 [255 T2 83" 51157 33772 313¢3 11x?
9 :02[ } C O[— - ;
c2 gt 360 | T CrC4 648 108 9 45

4085 , 23 4@1
162 27 9 1
while for the gluon Wilson coefficient in Eq. (F.12)) we have the functions

+ CrTrny {

0) 3 3 1 arcsinQ(\/@) , 0<q¢ <1,
FO(g) = = Dy i
20 2q In“[—i(y/@ +vVa — 1)), ¢ >1,
2
7T | >
i (a) = CAE + Fu)(fﬁ) ) clolar) = F(Q)(C]t) ) (F.16)

Here, F(O)(qt) encodes the m; dependence of the leading-order gg — H cross section from the virtual
top-quark loop. The full analytic m; dependence of the virtual two-loop corrections to gg — H in terms of
harmonic polylogarithms were obtained in refs. [?, ?]. Since the corresponding exact expression for F @) (@)
is long, we quote results expanded in Q?/m? from ref. [?]. These suffice for practical purposes since the
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expansion converges quickly. We also quote the first few terms in the expanded result for F(2) (g¢), while
further terms can be obtained from the original literature [?, ?],

38 1289 , 155 . 5385047
1 _ 2 3 4
FO(q) = (5 Tt T g7 T 1134 % T 65488500 qf) A

307 25813 . 3055007 . 659504801 | )
34 DL 200 2 o ,,,4)0400.
+( 90 18900 % T 3069000 % T 1309770000 % )CF O

. ‘ 419 772 7t
F®(g,) = (TC4 + 1104Cp — 6Cr ) In(—dg; — i0) + (7277 + 7(: + %

217 72 2255 52 23(s 5
|27 w” 44()0,0‘ ( )03 _ 20Ty
< +44¢3 |CaCF + 103 + 5 3 APo — cCaTE

2 2
) 4
_ 12C:;>CF»“30 - §CFTF + O(qt) - (F.17)

— 44;) C5

27 , Al
+50k+ (5
In the m; — oo limit we have F(©(0) = 1 and FM(0) = 5C4 — 3Cp, while F?)(g; — 0) has the terms
displayed in Eq. (F.17]).
The solution of the RGE in Eq. (F.6|) yields for the evolution of the hard function (TODO)

2

9

‘ . —Q? —i i (110,14)
HZ(Q?M) = HZ(Q?/J'O) UH(Qa IUOHU“) ) UH(Q,,UO7 /’L) = )GKH(HO’H) <QM220>77 "
0

K (po, 1) = —2K{(po, 1) + Ky (o, 1) (o, 1) = (o, 11) (F.18)

where the functions K (o, 1), 7(po, ) and K., are given below in Eq. (?7?).

(TODO) To minimize the large logarithms in Cyqr we should evaluate Eq. (?7) at the hard scale

pr with [u%| ~ ¢* ~ mZ. For the simplest choice p? = ¢* the double logarithms of —q?/u? are not

minimized since they give rise to additional 72 terms from the analytic continuation of the form factor

from spacelike to timelike argument, In?(—1—i0) = —72, which causes rather large perturbative corrections.
These 72 terms can be summed along with the double logarithms by taking pg = —iy/¢? or in our case

wg = —img [?7,180, 7, ?]. For Higgs production this method was applied in Refs. [31], [32], where it was
shown to improve the perturbative convergence of the hard matching coefficient. Starting at NNLO, the
expansion of Cyyp contains single logarithms In(m?/u2), which in Eq. (??) are contained as Inzy in C(?)
with a compensating — In(—4z —i0) in F®)(2), which are not large since mg/m; ~ 1. In Eq. (??), as(um)
is defined for ny = 5 flavors. When written in terms of as(uy) with ny = 6 flavors similar In(m?/u%)
terms would already appear at NLO. The additional terms that are induced by using an imaginary scale
in these logarithms are small, because the imaginary part of as(—imyg) is much smaller than its real part.

F.2 Jet Function

The operator definition of the quark jet function was already given in Eq. (9.29). For quarks and gluons
the inclusive jet functions can be defined by

—1

JUt) = Im [47TNCw /d4x e <O‘T )me,ol(())ﬁixn(x)‘Oﬂ , (F.19)

v —1 ixr a va
g J(t) = Im [7T(M;—I)/d4$e <O‘TBZ¢,M,OL(O) nJ_(x)‘0>:| :

where 7* = n - r 7#/2 and the invariant mass ¢ = wn - r. (This becomes t = wn - r — &% if w; momentum
is injected.)
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The renormalized jet function Ji(s, ), for i = q or g, is related to the bare jet function through the
definition

Jibare(g) — /d@ Zh(s— s, pw) J(s' ), (F.20)

and the inverse of the Zf] factor is defined such that

5(s) = /ds’ [Zﬁ]fl(s — s, ) Z5(s', ). (F.21)

Since J"P?¢ is y-independent, the dependence on y is described by the renormalization group equation

) = [ a5 = o) Ty (F.22)

where the p dependence of Zf, appears through the UV finite anomalous dimension,

s = = [0 (2] 5= ) g 2505 (F.23)

where we can take ¢ — 0.

As already discussed in Sec. a general anomalous dimension for an RGE with convolution takes
the form given in Eq. (E.9). The jet function anomalous dimension can be obtained from this by using

J=2, py=4. (F.24)

Thus, to all orders in perturbation theory, the jet function’s anomalous dimension has the form
Vs, 1) = =2k () zqﬂ)+wm9&$, (F.25)

where the distribution Lo (s/u?) were defined in Sec. The cusp anomalous dimension, which multiplies
Lo(s/p?) is known to three loop order, and is given in given in Sec. The non-cusp anomalous
dimensions multiplying the delta function has the general expansion

vy (as) = iv}n(h)nﬂ. (F.26)

n=0

The coefficients 'yf, ,» are known for both the quark and gluon jet functions to three loop order, and are
given below.

Both the renormalized jet function and the Zf, factor can again be written to all orders in perturbation
theory in terms of the distributions defined in Sec. [D.3]

Ji(s, 1) = Ej%ma SLi(s/p?).  Zy(s,m) = EZZMaSQQ@m%, (F.27)
k=-1 k=—1

To a given order in perturbation theory O(al) the coefficients Ji () with k > 21 — 1 vanish, while the
coefficients Zf]  With k& > 2] —1 vanish. The renormalization function Z Y is completely determined through
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its relation to the anomalous dimension. To two loop order the coefficients are given by

ZJ 1—1+

471'

I‘f:uspO m + (%)2 (FfzuspO)2 + I‘zuSpO (2’%]0 B 3ﬁ0)
€2 2¢ A7 2¢4 4e3

+ 3’7;270 (’7?]0 - 260) — 2 (FZuSpO> + 6Fcusp1 + ﬁ
242 4e

)

€ A7 €3 €2 2¢
4 2 | (T 2
Zi = (3) !< “1652"0) ] . (F.28)

For the renormalized jet function, the coefficients J,i for k > —1 are all related to the divergent structure and
therefore again determined by the anomalous dimension coefficients. The only extra piece of information
is the matching coefficient J |, which has to be calculated at each order in perturbation theory. To second
order in perturbation theory, one finds

i _ as [_Ff:uspOI n (%)2 [_ (Féusp0)2 N Fiuspo (50 - 71]0) B Péuspli

Ji =14 22 +<%>20i
A J1 A7 J2
i ] 2.1 %
_ s (7 (%)2 i Yoo\ Y, Tl espo i g2,
47r< 2 >+ 1) | (Pot = st (Teuspo) G

as s\ 2 Bovho | (Vi)? ™ (Teuspo)”
= ﬁ (FéuspO) + (ﬁ) [ JlFCUSpO + 2]0 + ilo - cgsp + Pcuspl )

) Qe 2 ) 260 — 37%'
J%: (ﬁ) |:_F;L:usp0 4 J0 )

JZ = (%)2 (Féusp())2
57 \Uur 2

S

J

=,

(F.29)

To two loop order, the expressions for the non-cusp anomalous dimension 7} for quarks (i = ¢) and gluons
(i = g) are given by

0 =6CF,
¥l = Cp [(%G - 80@)0,4 + (3 — 4n® + 48(3)Cr + (% + 2%) ﬁu} :
1y (0 S 2 s )
+ ( + 372 + — + 68C3 — 67;2<3 - 240C5>012?
7739 325 6177 1276
(=5 ™+ 2770r - 9C3>CA§°
+ ( 3342547 57r 16{3)50 (%?6 a 8% a 411?:; 5%’)54 ' (F-30)
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and

70 =260,
190 = (2 —326) g+ (2 - 20 )cuo+ 281,
2 4 2
o <4983173 B 94;; B 1657r - 45290@, ) 128;r G, 221
(% - 2;:2 - 847;4 - 3O§C3>CA B1+2p2. (F.31)

The constant coefficients appearing in the quark jet function are given by

= (7—W2)Cp,

205 6772 147t ., 53129 20872 177 206(3
a - —1&)02 ( - . . ')C .
€2 ( 8 6 15 %)Cr T g 97 180 9 o
4057 6872 16(3
— — - Trny, F.32
(162 27 9 )Of RIS (F.32)

while those for the gluon jet function are

4 . 50
C,gfl =0y <3 - 7F2> + 030 )

4255 2672 1517t 115 6572 56¢

g 2 a
= - — 723 ) — Cafy | — -
€72 A<108 5 " 180 <3> A,80<108+ 18 3 )
25 7 55
2
—2 (=2 - 22 4gs) . F.
50(9 3)+/»’1<12 cg) (F.33)

The solution for the RG evolved jet function can be obtained using the general convolution formula
in Eq. (E.12) with the evolution kernel from Eq. (E.13). For the jet function evolution kernel one finds

Uy( ) ) R { 1o >< t ) ! (t) (F.34)
S, p1o) = ity MAVTVIL)N (R I — 1Y F.34
AT L[=w (4, p10)] It ug)  wi(ps po)
where

wy (o) = 2mr(ps fro) , Kj(p, po) = Ky, (pt, p1o) + 4 Kr(p, po) (F.35)

and the expressions for nr(u, po), K y(p, po) and K, (@, po) are given in Eq. (E.4) in general and in Eq. (E.S§)
up to NNLL.

132



F.3 b-quark Shape Function F HARD, JET, BEAM, AND SOFT FUNCTIONS
F.3 b-quark Shape Function

F.3.1 Shape Function at Fixed Order

The shape function coefficients to one [33] and two loops [?] are

ag T a?[/m® 3t ) o2 +<29 3172 677t 9¢
F

s | (T 20T 21 DI
S-1fa )_1_7r240F_[( T 50 28 108 T 144 2880+8)CFCA

1 572 5(3
+ (316 376~ 48)0,%] :

o a? m
So(as) = T Cr+ ) [(—24 + 4C3)
11 72 93
+ (555~ 1 )CrCa- 60Fﬂo],
2 T
Si () :—720F+ [(1—)CF

7r2

+ (—% + F)CFCA —3 CF50:| ;

; CFﬁO)

202 (F.36)

2
% (3ct+
2
75
2

Sa(as) =

F.3.2 Shape Function RGE
F.4 Hemisphere Soft function

The hemisphere soft function depends on the total plus and minus component of the soft momentum in
the two hemispheres, and its operator definition is given by

Shemi(£F,67) = NlcTr (0[Fava(3(e" = (BHHse ~ B)YITHT0)]0) . (F.37)

The renormalized hemisphere soft function is related to the bare soft function by
share(p+ =) = / ATl Zg(et =0T 0 =0 ) ST ) (F.38)
where as before the inverse of the Z factor is defined implicitly by
SN = /dﬁ'*dﬁ’ (Zs] LT =0 0 =0 w) Zs(0 0, ) (F.39)
The dependence of the renormalized soft function on p is determined by the renormalization group equation
,udCLS(EﬂB, p) = /dﬁ”“dﬁ"yg(fr — 0T =0 ) ST ) (F.40)
where the anomalous dimension is defined through the p dependence of the Z factor

Ys(U 07, ) = — /def’_ ZGH Ut =007 =0, p) uiZs(€’+,f",u) (F.41)
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F.4 Hemisphere Soft function F HARD, JET, BEAM, AND SOFT FUNCTIONS

As explained in Sec. 7?7, consistency between the jet and soft anomalous dimension requires that the soft
anomalous dimension takes the form

’YS(€+7 ﬁ_, N) = 5([’_)75@_7 :u) + 5(6_)78<€+7 :u) (F'42)

This implies that the Z factor and the u dependent part of the double differential hemisphere soft function
factors into the product of two identical singly differential terms. Thus, one can write

ZS(EJ'_?E_a M) = ZS(€+’M)ZS(€_7N) ) S(£+a£_’u) = S([i_a /L)S(f_,,u) + T(é+7€_) (F'43)

The p independent doubly differential term T'(¢7,£7) contains the so-called non-global logarithms.
The general anomalous dimension can again be obtained from Eq. (E.9)), using

J=1, ps = —2. (F.44)
This gives
1 14
IVS(ﬁ) — 21_‘6113})(043)p£0 <M> + f}/S(as>5(£) (F45>

The renormalization factor Zg(¢™, 1) and the renormalized function S(¢1, 1) can again be written as

Sy = Y Sulad - Lalt/n).  Zs(tw)= S Zsulow) - Lxlt/n). (F.46)
k=-—1 K k=-—1 K

where to a given order in perturbation theory O(al) the coefficients Sy(as) and Zg(as) vanish for
k > 2l — 1. As always, the renormalization Zg is completely determined through its relation to the
anomalous dimension, and to two loop order the coefficients are given by

Qs

47

Zg =1+

2¢2 2¢ A 8t 8e3

7Féusp0 + ’Y:g‘o] + (055)2 !(FiuspO)Q FiuspO (2750 - 3[50)

+ 372() (’Yéo - 250) - 2772 (Féusp 0)2 - 3Féusp] + E
24€2 de |’

47

$0 = 4r € 2€3 2¢2 2¢

i Qs [FéuSI)OI n (QS)Q [ (Fiusp0)2 1—WV(L':uspO (50 - fnyO) + Féuspl]

] 2
i %)2 (Féuspo) F .47
51 (477 [ €2 ’ (F.47)

The coefficients Si(as) for k > —1 are all related to the divergent structure and are again defined by the
anomalous dimension. The only extra piece of information is the matching coefficient S_;, which has be
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F.5 Beam Functions F HARD, JET, BEAM, AND SOFT FUNCTIONS
be calculated order by order in perturbation theory. To second order in a; one finds

i Qs as\?2 ;
SLy=1+ Z;Ca + (@) €52
2. T
Qs -, as\2 | - . T Y50l cuspo : 2
S5 =22 (=7%0) + (1) [—s (260 +750) = o1 — —5 0 4 (Thpo)* Ga|
. g . g 2 . . . . 272(P7 s 0)2 .
571 - E (_ZFZ/:uSpO) + (E) [2[307}90 + (7%‘0)2 - QCglréuspO - % - ZFZ;uspl ’
i s\ 2 i i T
SQ = (E) [QBOFcuspO + S’VSOF(:uSpO} )
, g\ 2 :
S5 = (1) 2(Chupo)?. (F.48)
F.5 Beam Functions
The beam function is defined as
Bi(t,x = w/P~, 1) = (pn(P7) |0(w)Oi(t,w, )| pn(P7)) (F.49)

The bare operators are defined as

Ol;are(t’w) = vn(0)5(t — wp“’) Zi [5(00 — ﬁn) Xn(o)]
Ogare(t, w) =Tr ZZ X’n(o) 5(t — wﬁ+) [(5(&) - ﬁn) Xn(o)]
O(l;are(t, w) =_w le_,u(o) 6(2‘: — wﬁ+) [5(0‘) — fn) Bﬁi(o)] (F5O)

The renormalized beam function B;(t, x, u), for i = q or g, is related to the bare beam function through
the definition

lybmqhm)—l/dfz%@——54017@C$40, (F.51)
and the inverse of the ng factor is defined such that
5@):i/ﬁﬂ[Zg]_%t—tﬂu)Z%@Qu). (F.52)

Since B*P#¢ i /i-independent, the dependence on y is described by the renormalization group equation

d o i i
uwﬂw@m:/wwﬁ—ﬁMBme% (F.53)
where
i 1771 / d ;.
Vp(t, 1) = —/dt [Zp]  (t =1, p) [udMZB(t,u)] : (F.54)
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F.5 Beam Functions F HARD, JET, BEAM, AND SOFT FUNCTIONS

The anomalous dimension of the beam function is identical to that of the jet function, and can therefore
be obtained from the general result in Eq. (E.9|) using

J=2, pp =4 (F.55)

Thus, to all orders in perturbation theory, the beam function anomalous dimension has the form

Vis(5,1) = =2l (@) 50(/1)+“/§(as)5(<9)» (F.56)

Since the anomalous dimension is the same as that of the jet function, the renormalization constant of
the beam function is also identical to that of the jet function

Z%(tv :u) = Z?](L :u) ’ (F57)

where Z(t, uu) is given in Egs. and (F.28).

The renormalized beam functlon is best expressed through its OPE relating it to the PDFs
d Adep
By(t,x, ) = Z/ 51” t, ,u>fg(£ u)[1+0< e )] (F.58)

The matching coefficients Z;;(t, z, 1) can be written to all orders in perturbation theory as

7 (t, 2, M) Z T (2 Ek(t/u ), (F.59)

k=—1
One can write

.. i Qg Qg 2 i
Iq;?l(Z) = 5‘7 5(1 — Z) + 70[’71 + (E) 1.72

47
ij as [ 70(1 = 2) =77 (2) s\ 2 v, érn ®90)" (2
e = g [ #(E) e (po+ ) + 20
i 2.1 % ij 2.8 %
_7J1 T ’VJOFcuspO i 2 . i (Z) _ m ryJO(z)FcuspO
+ ( s t— (Ttuspo) g3> 6(1—2)+ 5 D
L] Qs i O 2 0] i 507i (71 )2 WQ(Fius 0)2
Iij(z) = E [Fcuspod(l - z)] + (E) [Cz[]l(z> 1—‘cuspO + ( 2J0 + iLO - 6 = + 1—‘cuspl 6(1 - Z)
B33 25078() | (B2 9)" (2)
2 2 4
ij s\ 2 i 280 — 37i 37ij (2)
7, (2) = <E) [— cusp 0 (4‘]0 6(1—2)+ BT
i (Flu 0)
T (2) = (E) 0 5(1 - 2) (F.60)
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For the gluon beam function one finds

Zgg,-1(2)
Zgg,0(2)
Zgg,(2)
Zgg,2(2)
Zgg,2(2) (F.61)
Zyq,-1(2)
ng,O(Z)
Zgq.1(2)
Zgq2(2)
Zgq2(2) (F.62)
Lyq(t, z,p0) = 0(t) 0(1 — 2) (F.63)
aw)Cr g (2 (Vs s Lo (E T B
+ = 9(2){'u2£1 <?>5(1 2) + MQ,CO(Mz) [qu(z) > o1 z)}
9 2 14 22
+5(t)[£1(1—z)(1+z )—Eé(l—z)%—ﬂ(l—z)(l—z— — lnz)}},
as(pw)Tp 1 t 1—z
Tyglt, 2 11) = “507 e(z){lﬂzo(m)zaqg(z) +o(t) [qu(z) (m —* 1) o1 — z)] } .
We write the matching coefficients for the gluon beam function as
Tyt 2o ip) = 60660 — 2) + BB 70y SWB) gy
gg\v» ~» 47_‘_ g9 bl (47_(_)2 99 » )
as(uB) a2 (1B) (2
The one-loop coefficients are given by
TO)(t, 2, jg) = 2Ca 9(2){2251 (%)5(1 —2)+ %LO(%)ng(z) +5(t) I;;"S)(z)} ,
] HB ] HB
1 t
7,20 =200 0] Lo () P + 90 TV | (F.65)
HB Hp
where
2(1 — 2+ 22)? w2
() = £~ )22 yme - T ),
709 (2) = Pyo(2) In 22 4 6(1 — 2)z. (F.66)

99 =
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F.5 Beam Functions F HARD, JET, BEAM, AND SOFT FUNCTIONS
Here Py4(z) and Pyq(z) are the ¢ — gg and ¢ — gq splitting functions given in Eq. (??), and the £, (z)
denote the standard plus distributions. At two loops we have

Iéz)(t,z,/ug) i £5<M3>8CA6(1—Z) 2 LQ(MB>[120AP99() 2C4B0 (1 — 2)]

N El (NB

20450 [ Pyy(z )} + 8CETpny(Pyg qu)(z)}

){4CA [(g = 72)6(1 = 2) + 2ZED(2) + (Pyg @ Pog)(2)]

Lo (72) {40§ [(—g +8Gs)d(1— 2) - 7;2ng(z) + (Z(3 @ Pyy)(2)]

B B

+ Cafo [(—9—92 + 7;2)5(1 —2) - 2719 (2)]

+ CpTpng[46(1 — 2) + 8(Z{t) @ Pyg) (2)] + 4Pg<;>(z)} +40(t) 329 (2)
1 t
It ) = = (NB)lchOFPgA SR (MQB) {40F< 2a ® Pug)(2)
HACACH[(Pry © Pu)(2) + 22037(2)] ~ ACk 0P}
1 2
ok (M ){40ACF [—%qu(z) + (T30 @ qu)(z)} (F.67)

+ACH(ZLY @ Pyq)(2) — ACRBZLY (2) + 4P;§>(z)} +40(t) I3 (2) .

B

The beam function RGE is [see Egs. (?7) and (77)]

d .
g Bt = [} =) Bt g0,
1 t

V(1) =~ () 5 Lo(

13) +b(0s) (0, (.68)

and its solution is [?, 34] 35l 22] [see Eq. (?7?)]
Bl(twra,u’) = /dt/ B’L(t - t/a .Z',,LLO) UZB(t,a MO?/’L) )
. eKjg_’YE nZB % 4 t
Uit o) = o [”Bw () + 5<t>} ,

(1 +n%) |1 i
K (po, 1) = 4K (po, 1) + Koi (o, 1) N (1o, 1) = =201 (po, 11) - (F.69)

As we showed in Sec. 77, the anomalous dimension for the beam function equals that of the jet function,
7§ =4, so the three-loop result for fy;% together with Eq. (F.13]) yields the non-cusp three-loop anomalous
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dimension for the beam function,

Vgo =6CF,
L =Cp [(% - 80¢3)CA + (3 — 472 4+ 48(3)Cr + (% + QL)BO}
[P0 M 20 G e
( 1%1 B 20$5)7r2 B 241;;7: N 84;143 87T§C3 +190 4“5) CACr
b (R 0% - 7% _aa0,) 3
(e oy,

(3457 52 16C3)5 (1166 872  4lxt 52(3)
0o+

324 9 9

27 9 135 b 1] (F.70)

The non-cusp anomalous dimension for the gluon beam function is equal to that of the gluon jet
function which is given by 79 (a,) = =279 (as) — 'y?( s). Here, 'ngc(ozs) is the coefficient of the §(1 — z) in

the gluon PDF anomalous dimension which is known to three loops [?]. The resulting coefficients to three
loops are
Yho = 200,
5= (22 _s26)cq+ (2= 20+ 26,
. <4983173 B 94;; B 1657r4 B 4529043 N 128;r2C3 + 994 C5> cs
N (_ 6;3 B 3786;2 N 13;4 N 288C3> 2 By ( 98816 10;2 N 5243) o 52

1765 272 8xt 304G
- 28 . F.71
( 27 3 45 9 )CAﬁ“L P2 (F.71)

At NNLL we only need 74, and 7% at two loops. The three-loop coefficients are given for completeness. The

result in Eq. (F.71) agrees with that given in ref. [36] for the gluon jet functionf| The non-cusp anomalous
dimension of the gluon beam-thrust soft function is given by vZ(as) = —27% (as) — 275 ().

F.6 Parton Distribution Function

The quark and gluon splitting functions are

Pyg(2) = 2L0(1 ~ 2)z +20(1 — )|+ —Z420-2)],
— )2
Pyq(2) =0(1 — 2) H(lz) )
Pa(2) = Lol = 2)(1+ ) + 5 6(1 — 2),
Pu(z) =0(1—2)[(1 —2)* + 2%]. (F.72)

9 Apart from a typo in ref. [36] where one of the terms in the C%n; contribution is missing a 7.
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The two-loop splitting functions were calculated in refs. [?, 7] and are given by [?]

—253 4+ 294> — 31822 4+ 25323
18z

Py () = Ci{%(ll — 72 Lo(1 — 2) + (—1+3¢3)8(1 — 2) +

+—1+2z—22+z3 , 4 2(1+ 2z — 22)2

P ™ —§(9+1122)1nz—|— 2 In? 2

2
—2Pyy(2)InzIn(1 — 2) — 2P;4(—2) |InzIn(1 4 2) + Lip(—2) + E} }

5 23 — 29z + 1922 — 2323
+ Cabo|3L0(1—2) +0(1 - 2) + -

4(1 — 12z 4 622 + 523
—|—CFTan[—5(1—Z)+ ( 35 )

—101 + 129z — 5122 + 4423 1
01 + 929 5lz* + 44z _g(36+15Z+822)1nz+221n(1—2)
z

+(2+2)In% 2 — Pyy(2) [2 Inzln(l —2) — In?(1 — 2) + 7;2]

2

apea sttt 1o+ 2]}

—6 4 62 — 522

z
2(5 — 5z + 42?)
3z

—i—(l—i—z)lnz}

—2(1+z)ln22—2(3+5z)lnz} ,

PD(z) = CaCrr{

1 1 1
+C%[—§(5+7z)+§(4+7z)lnz+ 1D(1—Z)—§(2—Z)1n22

— Pyy(z)In2(1 — z)} + CFBO[ + Pyy(z)In(1 — z)] . (F.73)

The convolution of two splitting functions is defined as (the index j is not summed over)

Py P = [ pywpn(Z), (F.74)

2 w
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F.7 Convolution of Soft and Jet Functions F HARD, JET, BEAM, AND SOFT FUNCTIONS

and analogously for the convolution (Ii(jl’é) ® Pji). The necessary convolutions are

4432 —32% — 423
(Pyg ® Pyg)(2) = ——22 3; © 42014 2)lne, (F.75)

2(2 — 2z + 2?)

(qu®qu)(z):2—§+(2—z)1m+ In(1—z),

—31 + 242+ 322+ 423 41+ 2+ 2?) 2(2 — 22 + 22)
(Pyg @ Pyq)(2) = 5 — ~ Inz+ -, In(1—2),
272 4(—114 92 — 922 + 1123)

(Pgg ® Pgg)(2) = 8L1(1 - 2) — 75(1 —z)+
4(—1—32% +423 — 24

3z
8(1 — 22+ 22— 23)

1= 2) Inz+ In(1 —2),
—13 + 122 4 622 — 523 142  —4+4922 +42°
1,6 _ 2
(IS @ Pyg)(2) = o o = In z

4 —32% — 423
32 S A ) — (14 2) 2 — 21+ 2)Lis(2),

3z
(Ié}]’&) ® Faa)(2) = > 4;;— % +7° — 222— 5 + _22_ “nz+ A+ 32 In(1 - 2)
N WS Wln(l —2)[In(1 — 2) —Inz] + (2 — 2)Lix(2),
(T0D) @ Pyy)(2) = 22— 22; +52% a2 féz —32% 930z —332«2 —428
_31+24z+322+423111(1—Z)+2(1+—Z+ZQ)1D2Z
3z >
+ w In(1 — 2)[In(1 — z) — 2In z] + (8 4+ 2z)Lia(2),

z

(T © Pyy) (=) = 6La(1 — ) — 72Lo(1 — 2) + 4¢s3(1 — 2) + L= 9_222 ]

0 —3+ 22— 722 +323 N 2(11 — 212 + 622 — 2223)

+ 7T Inz
3z 3z
4(-11 — 927 + 1123 2(14 322 — 423 + 2*
+ ( +9z -9+ Z)ln(l—z)—i— (1+32 : +Z)ln2z
3z z(1—2)
1 24 — 2 2 3_ .4
8(—1+2z—32"+2z Z)lnzln(l—z)
z(1—2)
1-2 2 _ .3
GO =22 82 =2 o Ly 4814 2)Lia(z).

z

F.7 Convolution of Soft and Jet Functions

To convolute L,[p~(w — w')/p?] with Ly, (w/ps) we first rescale them to have the same dimensionless

arguments. Using Eq. (C.34]), J and S satisfy the rescaling identities (TODO) TODO: what
notation for
_ 1 ° p_§ w perturbative
Jp w,pn) = — Jn{as ,—} n(—), 1t of 57 57
(7w ) = = ngl Ol : part o
. 1 & ¢ w
S@n) =2 > Sulas(n), 2] (%) (£.76)
§ = p §
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G MORE ON THE ZERO-BIN [REMOVE?]

where £ is an arbitrary dimension-one parameter that we will choose at our convenience later on, and the
rescaled coefficients are

0 lnn+1

J_1(as,x) = J_1(as) + %Jn(as) ﬁj{x ,
J(ea) =3 (”nTk’f ! Teen(as) W,
2l
S_1(as,r) = S_1(as) + gsn(as) linj_lf ;
(s, @) = i (”n'*k’f)! Syin(cs) Inf (F.77)
2l

Using Eq. (F.76)), the convolution of J and S becomes
(7@ S)(wrpisia) = [ A5 T1p (= ), 1) S )

S T ] S fontun). =] [0, (5 =) £

mn——1 i pad € 3
B Zio_:l m,ni:_l VT [QS(M)7 p'u_;} on [QS(NA)7 ;A} éﬁg(z) ‘ (F-78)
m+n+1>4

In the last step we used Eq. (C.37) to perform the x integral, yielding a sum of plus distributions, whose
coefficients V™" are given in Eq. (C.38).

G More on the Zero-Bin [Remove?]

G.1 O0-bin subtractions with a 0-bin field Redefinition

G.2 0-bin subtractions for phase space integrations
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H SPINOR RELATIONS WITH A DIFFERENT REPRESENTATION
H Spinor Relations with a different representation

For a collinear momentum p* = (p°, p*, p?, p?) we have p~ = p* +p? > piQ > pt =p’ —p3 so

Qi

Tf:ag+..., (H.1)

where the terms in the + ... are smaller. Keeping only the leading term gives us the spinors

ulp) = (QPO\[);/Q< u ) . “":\/§<gg{u> (H.2)

e g _p [V
U<p)_\/§( Y ) = Up = 2<V>

where here U and V are each either ( (1) > or ( (1)

both quark and antiquarks remain as relevant degrees of freedom (and indeed, there is no suppression for
pair creation from splitting). We also see that both spin components remain in each of the spinors.
Having defined én = P, the corresponding result for the spinors is u, = P,u(p) and v, = P,v(p), which
do not precisely reproduce the lowest order expanded results in Eq. . Instead we find

1<11 03>\/ﬁ UV (1+%§)_<w;+>s>u
2\ o5 1 WU 2 03(1+%§—(”j,+)3)u

=AU s

o"ﬁl O‘»@l
< <

). From this analysis we see that in the collinear limit

Up —

5 (%) (15)

where the two component spinor is

- 0 iG X P

U=t <1+p3—( 0“)3)1/1. (H.4)
Po p

The same derivation gives

Vn = % < “ff’ ) (H.5)

where V is defined in terms of V by a formula analogous to Eq. . Since the spin relations in Egs.
and do not depend on the form of the two component spinors (Z;{ versus U etc), they remain true.
We will see later that the results for the u, and v, spinors involving U and V rather than I and V are
required to avoid breaking a reparameterization symmetry in SCET. The extra terms appearing in the
definition of I ensure the proper structure under reparameterizations of the lightcone basis. Finally we
note that

S WU =15, (H.6)

Thus if we take the product of u,, spinors
oy wlt o
tntin =79 ( ottt —ostitdtos (H.7)
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