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1 INTRODUCTION

1 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.

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: [1, 2, 3]

2. Construction of LgcrT, currents, multipole expansion, label operators, zero-bin, infrared divergences:

2, 4, 5
3. SCET}, Gauge symmetry, reparameterization invariance: [4, 6, 7]

4. Ultrasoft-Collinear factorization, Hard-Collinear factorization, matching & running for hard func-

tions: [1, 2, 4, 6]
5. DIS, SCET power counting reduces to twist, renormalization with convolutions: [8, 9]

6. SCETy, Soft-Collinear interactions, use of auxillary Lagrangians, power counting formula, rapidity

divergences: [6, 3, 10, 5, 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 pgof;, where @ > pgost. They have no preferred direction,
so each component of p’; oft for ;. =0,1,2,3 has an identical scaling. Sometimes we will have psor; ~ Aqcp
so that the soft modes are nonperturbative (as in HQET for B or D meson bound states) and sometimes
we will have pgo; > Aqgep 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 cnergetic hadrons with Fy ~ Q > Aqcp ~ ma,
e cnergetic jets with By ~ Q > my = \/p?] > Aqcp-

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? < Q?. 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 ay < 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 — X1~ (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 + 1-jet, pp —dijets, ...

e exclusive hard scattering processes: v*y — 70, v*p — ’y(*)p’ (Deeply Virtual Compton), ...
e inclusive B-decays: B — X,v, B — X v, B — X (T~

e exclusive B-decays: B — D, B — nlyy, B— K*y, B — nm, B— K*K, B — J/YK, ...
e Charmonium production: ete™ — J/9 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 EFT? 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 explig [ 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,

Zk arlas In? (p/Q)]k

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 m with the —Z 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)
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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 . The vector n has a physical
interpretation, we want to describe particles moving in the n direction, whereas 7 is simply a devise we
introduce to have a simple notation for components.

Thus we start with light-cone basis vectors n and 7 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

n* = (1,0,0,1), A" = (1,0,0,—1) (2.3)

Other choices for the auxillary vector work just as well, e.g. n* = (1,0,0,1) with »*# = (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

u n* "

where the L components are orthogonal to both n and 7. With the choice in Eq. (2.3), p/| = (0,p',p?,0).
It is customary to represent a momentum in these coordinates by

=" p,pL) (2.5)

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

pt=pr=n-p, p=p-=n-p (2.6)
As indicated the upper or lower + indices mean the same thing.
Using the standard (+ — — —) metric, the four-momentum squared is
PP =pp” +pt =t 5t (2.7)
We can also decompose the metric in this basis
g = nin” + nn + 4. (2.8)

2 2

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 II

Lets continue with our exploration of the B — Dm 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

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

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

P ~ (A%CD ; Q7AQCD> (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 ps = (0, Q,0) + O(m?2/Q), as in

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

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

P~ Q% L, (2.11)
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Figure 1: SCET; 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 — Dm example we have A = Aqcp/ Q.i
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,

P~ QN 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. 1. 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 pzl ~ 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?> ~ @2, 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
P2~ AéCD 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 e?Y = p~ /pt. 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 SCETq 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.
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When looking at Fig. 1 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. 1. 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™ — ~* — ¢qq 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
n = - n,
n-collinear — ~— n-collinear

|
jet \ jet
ultrasoft particles

The x — 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 n§’ with the direction of the
first jet and n4 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 ny = (1, —2) and
n1 = (1, 2) that have a collinear scaling

2
P~ (%,Q,A) — Q21,0 (2.13)

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

10
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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?] > A%QCD' For our example here we can make use of the
a-hemisphere jet-mass,

2
mi, = (3oot) ~ v, ~ 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 = n; = (1, 2). A choice that makes this simple is ny = n; = (1, —2), since then we
can simply take the ni-jet analysis results with 4+ <> —. Using the same (+, —, L) components as for the
ni-jet we then have

AQ
P~ (Q, 5,A> = Q1,02 ). (2.15)
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,

2
m3, = (oph) ~phpn, ~ A2 < 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
our ete~ — dijets example we can consider measuring that mi and m?,b are both ~ A2, In this case the
homogeneous modes are “ultrasoft” with momentum scaling as

A2 A% A?
Q Q' 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

Phus ™ ( ) = QNN N7, (2.17)

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

The term 2p,,, - pus = p;lpﬂs plus higher order terms, so p}, ~ A?/ Ppy ~ 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. 2. 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
cn, 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

11



2.3 Momentum Regions: SCET I and SCET 11 2 INTRODUCTION TO SCET
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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 hyperbolas.2 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? > AéCD, so in general the nonperturbative
ultrasoft modes can live on an even smaller hyperbola p? ~ AéCD than the perturbative contributions from
ultrasoft modes that have p> ~ A*/Q?. An additional p? ~ AéCD hyperbola is shown in green in Fig. 2.
If A*/Q? ~ A?QCD 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? > AéCD then when we
setup the SCET] theory both the perturbative ultrasoft modes with p? ~ A*/Q? and the nonperturbative
ultrasoft modes with p? ~ A(QQCD 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 ¢,, ¢z 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. 1 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 SCET]; type situation. (There are also SCET;
examples which involve jets with 1 measurements rather than jet masses, and we will meet these later on
in Section 11.3 and 11.4.) 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 SCETyy 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 SCET}

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 SCETy;.
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Figure 3: Another SCETT example. Relevant degrees of freedom for B — X+ in the endpoint region.

and SCETH.

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 — Dn 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 — X v or for B — Xy ev. The underlying processes here are the flavor
changing neutral current proess b — sy or the semileptonic decay b — ue. 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% — m%lmm) /(2mp) where my_. is the smallest appropriate hadron mass, either mpy_. = mg~ or my
for X, or X, respectively. An interesting region to consider for the application of SCET is

Aop < mk < Q% = m (2.19)

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

13
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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. 3,
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 decomposition in the collinear limit of Dirac spinors u(p) for
particles and v(p) for antiparticles. We will derive the collinear spinors by considering the expansion in
momentum components, but then will convert this result into a decomposition into two types of terms
rather than an infinite expansion.

For a collinear momentum p* = (p°, p!, p?, p3) we have p~ = p° + p3 > pf > pt =p’ —p3 so

Qi
Sy

=03+..., (3.1)

2|

where the terms in the + ... are smaller. Keeping only the leading term gives us the spinors

ulp) = WX(;?u) = un:\/§<;§’u> (3.2)
v(p) = WX(%V) . vn:\/§<aiv>

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.
Recalling our default definitions of n* and n#, we can calculate their contractions with the gamma matrix,

71:70—73=( 13 __(f)v ’7i:70+73:<_](173 (_7?11) (3-3)

g

). From this analysis we see that in the collinear limit

14



3.1 Collinear Spinors 3 INGREDIENTS FOR SCET

Multiplying the first matrix by u,, or v, from (3.2) gives the following relations

Mun, =0, Moy, =0. (3.4)

These can be recognized as the leading term in the equations of motion pu(p) = pv(p) = 0 when expanded
in the collinear limit. We can also define projection operators

g (3Y) AR T) e

and then we have the relations

Pou, = @un = Uy, P,v, = Vifivn = Up. (3.6)

The bottom line of this expansion is that when a hard interaction produces a collinear fermion or an-
tifermion it will be the components obeying the spin relations in Egs. (3.4) and (3.6) that appear at
leading order.

For later purposes it will be useful to decompose the QCD Dirac field v into a field &, that obeys these
spin relations. From {7*,~7"} = 2¢*” we note that

o o

which allows us to write v in terms of two fields,
Y= Po+ Patp = € + 9n (3.8)

where we defined

Vi% it

bn = Pty = ;

on = Patp = . (3.9)

These fields satisfy the desired spin relations
1 =0, Po&n = &n s fipn =0, Prorn = o . (3.10)

The label n on én reminds us that it obeys these relations and that we will eventually be expanding about
the n-collinear direction. Note that here we denote the collinear field components with a hat, as in fn(x),
since there are still further manipulations that are required before we arrive at our final SCET collinear
field &, (x). Nevertheless both &, and &, satisfy these spinor relations.

Having defined &, = P,, the corresponding result for the spinors is u, = Pyu(p) and v, = P,v(p),
which do not precisely reproduce the lowest order expanded results in Eq. (3.2). Instead we find

u—1<]1 U3>\/ﬁ< u ) V0 (14—%3—(”;#)1/{
"2 By )T 2 iFXP
o3 1 pTu 2 Ug(l—i—i—g_(;#)u

_ P;(Jifd) (3.11)

where the two component spinor is

) 0 o
U= p<1+pg—(w;m)3>u. (3.12)
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The same derivation gives

U = % ( "]3;} > (3.13)

where V is defined in terms of V by a formula analogous to Eq. (3.12 12). Since the spin relations in Egs. (3.4)
and (3.6) 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 ¢ and V rather than &/ and V are required
to avoid breaking a reparameterization symmetry in SCET. The extra terms appearing in the definition of
U ensure the proper structure under reparameterizations of the lightcone basis. Finally we note that

S UU =139 (3.14)

S

Thus if we take the product of w,, spinors

e
nln = —5~ 177 177 ) 1
tntt 2 < osUUT  —o3UU o3 (3.15)

and sum over spins, we have

M\S\

Zu

(3.16)

3 |
’E

For later convenience we write down a set of projection operator identities easily derived from n? = 0,

n-n = 2, and/or hermitian conjugation y* = 40~#~0:

PnPﬁZOa PnPn:Pna Pn%:Pﬁ¢:07 PnVL:VLv Pﬁ%:ﬁa P;[:'VOPFL'YO' (317)

None of these results depends on making the canonical back-to-back choice for n. The last result is useful
for the computation of fn from én =P, ie.

£, =& =P =9 P, . (3.18)

Thus just like the relations for én or &, we have the following relations for En or &,:

it

gn% =0, gnPn =0, gn n gn gn . (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 \? and the scaling of momenta does not affect the corresponding components of the ultrasoft spinors,
which are the same as those in QCD.

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

16



3.3 Power Counting for Collinear Gluons and Ultrasoft Fields 3 INGREDIENTS FOR SCET

expansion of the denominator of the propagator. We can however expand the numerator by keeping only
the large n - p momentum, as

W _ o np i ! +o. (3.20)

= — + ...
2 i 2 i 2 N _

p*+10 2 p*+i0 2n-p+%+1031gn(n-p)

The fermion-gluon coupling will be proportional to /2 and hence will form a projector P, when combined
with the 11/2 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 +i0 and —i0 occur in the expanded
propagator is a reflection of the fact that the lowest order SCET Lagrangian will contains both propagating
particles (7 - p > 0) and propagating antiparticles (7 - 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| 7€, (%)£,(0)]0). At this point we can already identify the A power counting
for the field &, by noting that if its propagator has the form in Eq. (3.20) then its action must be of the
form

O — [p2r0_— [ e & Prin. :y2a-2
L, —/d x L, —/dm &n 2[ n-0+...] & A . (3.21)
O™ o(xa) 0(\2) O\

Here we used the fact that d*z = 2 (da™)(dz™)(d?z 1) ~ (A\°)(A"2)(A71)? ~ A~ where the scaling for the
coordinates x# follows from those for the collinear momenta by writing = - p. = 2+p, + 2z~ pF + 2z, - pt
and demanding that the terms in this sum are all O(1). In (3.21) we assigned &, ~ 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 L7(10) ~ A0 which gives

o~ & X (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 4 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 1 KHEY i v v
/d‘*xe’f (0] TAL () A7(0)0) = =15 (g“ - T ) =1 (K*g" — T kME"), (3.23)

where 7 is our covariant gauge fixing parameter. From our standard power counting result from the light-
cone coordinate section, we know that k? = k k_ + kﬁ_ = @%)2. So the 1/k* on the RHS matches up with
the scaling of the collinear integration measure

diz ~ N4~

GIE (3.24)
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Thus the quantity in the final parentheses in (3.23) must be the same order as the product of A% (z)A%(0)
fields. If both of the uv indices are L then both of the terms in these parantheses are ~ A2, so therefore
we must have AZ | ~ A. 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 A ~ 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

AP R~ (N1, (3.25)

This result is not so surprising considering that if we are going to formulate a collinear covariant derivative
DHF = 9t 4 igA* 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. (3.25).

The same logic can be used to derive the power counting for ultrasoft quark and gluon fields. Since
the momentum kfjs ~ (A%, A2, A\?) the measure on ultrasoft fields scales as d*z ~ A=8. Also the result is
now uniform for the components of Af;. Once again we find that the gluon field scales like its momentum.
For the ultrasoft quark we have the Lagrangian £ = t),i1D,,s%us with iDls = i0* + gAls ~ A\2. Therefore
Yusthus ~ A, All together we have

Al ~ (A2,0%,0%), Yus ~ N (3.26)

For a heavy quark field that is ultrasoft the Lagrangian is LuqrT = h¥%iv - Dysh™ 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" —p") =p d(p~ —p" )& (F" —p’) ~ 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. (3.11). 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 n - 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 7 - A,, ~ A0 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 =ul'b (3.28)

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

§p LNy (3.29)
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Figure 4: Tree level graphs for matching the heavy-to-light current.

Next we consider the case where an extra A, gluon is attached to the heavy quark. This process is
shown in Fig.4 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):

Az iF+m) g nt
AR &L W 19T yuhy = —9<

_ = [me(1+9) + 4]

T4, h
2mbv-q+q2 Tult
s () + R g

Al
myv -nmn-q +”lT o

2
— +...]TAhv
v-nn-gq

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

(3.30)

(3.31)
where we can keep only the ~ A\? term. In the second equality in Eq. (3.30) we have expanded the numerator
and denominator of the propagator in A and kept only the lowest order terms. Since mpv-nn - g ~ Q*\°

we see that the propagator is offshell by an amount of ~ @2, and hence is a hard propagator that we must
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integrate out when constructing the corresponding SCET operator. In the third equality we use %2 =0
and pushed the # 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. (3.30) 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, /7 - 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, + pi)? ~ 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 7 - A,, collinear gluon field to the
light collinear v quark, as shown below:

k k
® . # =)—®—->—§

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 k%> ~ 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 Eq(lo). 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 n - A, components for these diagrams.

—
9999999

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 ¢, ..., q; and
propagators with momenta q1,q1 + g2, ..., Zle q; yields

&y (—kg!)k ( - Agy i Ag, ) ' (332)

perm [ﬁ‘ ’ (h”ﬁ ’ (Q1 + CIQ)] T [ﬁ ’ Z?:l Qi]

Here the sum of permutations (perms) of the {q¢i,...,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 k 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,

JSCET = ganF h”U ) (333)
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where

—a)* n-A, - A,
angz(lj) ( An(@1) -7 An(ge) ) (334)

perm [ﬁ : ql][ﬁ : (ql + q2)] e [ﬁ’ : Z?: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 /_ OOO 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. i+ A, (7s) n - A, (ns') for s > ¢

In summary, we see that we have traded the field 7 - A,, for the Wilson line W,,[n - A,,]. 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

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

pP*q p
S Y i+ a)
x — T
\ n-(p+q@n-(p+a)+(pL+q)*+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
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®@—=>——5——>- i-p
a X - 2 0"
k\% n-(p+k)n-p+p] +i0
Cc\)

Here the ultrasoft £ 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 - 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.

4.1.1 Step 1: Lagrangian for the larger spinor components

In this section we construct a Lagrangian for the field En. 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
c= @& (Sin- D+ Bin D+iny ) (oa+ &) (4.2)

We can simplify this result by using the projection matrix identities for the collinear spinor found in
section 3.1. In particular, various terms vanish such as

%m.pfnzo, gonﬁm-D:o (4.3)
by virtue of the analog of (3.19) for @,;. Lastly, terms like
éni lDJ_én = énl wJ_Pnén = énpni mlén =0, @ﬁi mJ_(Pn =0, (4'4)

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

Ezén

IS

in-Dén+pildy &+ &, il on + %% it - Depy . (4.5)

So far this is just QCD written in terms of the &, and pn 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 o5 in the path integral.2 This means that we can simply perform the quadratic fermionic

3 At subleading order the coupling to the subleading components is introduced in operators via the combination involving
&, shown in the last line of Eq.(4.6), so there is still no reason to have a source term for ¢s.
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path integral over ¢5. At tree level doing so is simply equivalent to imposing the full equation of motion
for pn. We find

5L "o _ .
= 5on §m-Dgpﬁ+sz§n_o (4.6)

0
N e
m‘Dcpn—i-2z]DL§n—0

1 e
On = m‘DllDLE&a

where the second line is obtained by multiplying the first by 7/2 on the left, and the plus sign in the last
line comes from using #iI) | = —ilp | 7. 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+1 ) =& 4.7
& (in- D imu S pin,) 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-0
in momentum space gives

1 1 A A 1
——0(@) = — / d'pe™ " p(p) = / d'pe P e (), (4.8)

in
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.

4.1.2 Step 2: Separate collinear and ultrasoft gauge fields

Recall that A5 ~ (A2, 1,\) ~ ph and Ah ~ (A2, A2 \2) ~ kis. Since k2, < p? the ultrasoft gluons encode
much longer wavelength fluctuations, so from the perspective of the collinear fields we can think of Ak
like a classical background field. In background field gauge we would write A* = Q" + A!; where Q" is
the quantum gauge field and Affl 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 Ak
and A}, but if one exists then it does make matching computations much simpler. Based on the analogy
with a background gauge field you might not be too surprised to learn that a relation exists which encodes
basic tree level matching

At =AL+ AL+ (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 A5 as a background field to &, and Al will also prove useful
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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 A, and AL, we find

i Ap ~ AV 7 Ay ~ N2 (4.10)

n-An ~ XN~ Ays.

So we see that A/ . and n- Ay can be droped from our leading order analysis because in the combination
Al + Alls 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,,.

4.1.3 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,, + k,s expanded to keep the leading and first subleading terms

1 1
(P + kus)? (D + kus) (0 + kus) + (03 + kiL,)2
1 2]{5[5']7#

P (pF k) + P2 [pn (pF + ki) + pL2)?

(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 F&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) =
Ayus(0) + - i0A4s(0) + . ... To see what is going on here we can Fourier transform the operators (taking
one-dimensional fields and ignoring indices for simplicity)

/dx B(2) Aus(0)(x) = /dx /dp1 dpo e €P17e=RO) =iP2 0 AL (1) (o)

= /dpl dpa dk 5(p1 — p2) 1(p1)Aus (k)Y (p2).- (4.12)

We see immediately that this corresponds to a 3-point Feynman rule where the small momentum k& is
ignored relative to the large momenta p; and p2, and that total momentum is not conserved at the vertex.
For the next order term we get

/ Ao ()20 Aus ) (0)(z) = /dp1 dps A 8 (p1 — pa) b D(p1) Aus (K)(p2). (4.13)

Here the Feynman rule involves a kd'(p; — 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. (4.11).
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Figure 5: Grid to picture the separation of momenta into label and residual components.

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(:n) We will add the anti-quark part
later on. Computing the Fourier transform &, (p) of the quark part of our field we have

gn(p) = /d4x eP® fn(a:) (4.14)

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

P =p) (4.15)
Py ~Q(0,1,\)
pﬁ ~ Q()‘zv Aza )\2)

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/| 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.

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
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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)
pe70

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

simply have
/ d*p — / d*p, . (4.17)

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

En(p) = &npe (1) - (4.18)

We also have separate conservation laws for label and residual momenta
/d4m elPemao gilpr=ar)e — 5 §*(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.

(pe ,pr) (pz ,pr+ku<9)

- ...gr -—— P

99999

—
99!

k us

5
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*p, . s
@) = [ G G 0). (4.20)

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

N (14]9 = 4 P
gn(x) = e " En(p) = d*p, e e gt gn, z(pr)
[ ey poy/ :

= Z e~ T e, L (). (4.21)

pi#0

We can identify several facts about label conservation for the field &, p,(z)
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4.1 SCET 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,(2) contains only residual momenta, we know that

10, p, () ~ N2, (). (4.22)
We also define a label momentum operator such that
P &n,pe (%) = D&, py (2)- (4.23)

Recall that P* and p} only contains the components P=n-P~ Dy ~ A0 and Pl ~ pj“ ~ A. Therefore
we have n-P = 0. Also

in-90 <P, i <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

n(z) =) P &y (2)
Pe#0
= e P Z &npe (T)
pe#0
e Pre, (x). (4.25)

In the last line we defined &,(z) = Zpﬂéo &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

En(@)én(x) = e 7E, (2)€n(2) (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(z) = / d'ps(p*)0(p°) [u(p)a(p)e " + v(p)b' (p)e™*] (4.27)
=" (z) + 47 (x)

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

Yt — i) = Y e gl (@), (4.28)
pi#0

BT G () = ) e (x),
Pe#0
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where both have a H(pg) = 6(n - py). 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

En,pe(2) = &8, (2) + & _p, (2) (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

3

“pe>0: a particle is destroyed or created

3

“pe <0 : an antiparticle is created or destroyed

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 may write

~

fn (x) = eiip'xfnapz (Z’) ’ (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

A =N "emiwr A = e P AL () (4.31)
q0#0
where
Ab(z)y =) Al (4.32)
qe#0

Since the gluon field A% = AR*TA where Al (z) is real we also have

[AFA ()] = A (2). (4.33)

n,4¢ 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

PM(¢;1¢22 e Opy Oy - )= (plf +p§ = Qit - qg - )(¢21¢£2 " Op Opy - ). (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 Gu(w) = 10,y e PTGy p(x)

p#0

= 3 TP 4 i) 60, p(x)
p#0
= e PT(PH 4 i) P (). (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 dn(2) = (P* 4 i0") (). (4.36)
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4.1.4 Final Result: Expand and put pieces together

At last, we may construct our final leading order Lagrangian. We begin with the previously derived result:

z /. : I o,
L=¢, <m-D+leLm'DzEL>2§n. (4.37)
Changing i0, — (P, +10,) and fAn — &, and expanding our derivative operators, we have
in-D=in-0+gn-A,+gn-A, (4.38)
iDy = (P +gAy )+ (0} + gAY )+
—_— ——— —
~A ~A2
in-D=(P+gn-Ap)+(in-0+gn-Aus)+--
~)\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).
Keeping only the lowest order terms, we have the following lagrangian

i = (. . 1 .
[,7(105) — &P &n (Zn -D+il,, Wlwnl) Zi Enls (4.39)

where the collinear covariant derivatives are

iD= Pl gAY, (4.40)
in-D, =P +gn-A,.

Remarks:

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.

e 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.

e The action is also local at the scale of ij ~ @A 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 If we are considering a situation without ultrasoft particles, and without hard interactions that do
not couple to a particular component, then the interaction of collinear fermions alone could equally
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well be described by the QCD Lagrangian. Indeed, even in the presence of ultrasoft fields we can
write a Dirac type Lagrangian that is equivalent to Eq. (4.39) by

L) = e P EiPE,, =, = ( 57 ) . P = Bin.D+%in. D, il = iDnt Bon. Ay
©n 2 2 2
(4.41)
Integrating out @5 exactly reproduces Eq.(4.39). This Lagrangian is not equivalent to QCD due to
the coupling to the ultrasoft gluon field, and the zero-bin subtractions related to py # 0 that will be
discussed later on. But this form does make it more clear why the collinear particles share many of

the properties of the full QCD Lagrangian (for example, we have the same renormalization properties
for the gauge coupling).

The computation of the propagator from ES? is also greatly simplified without the need for any additional
power counting. Specifically, Eq. (4.39) gives the collinear quark propagator
i _ AR — (4.42)
2 (n-pe)(n-pp) + (per)? + 0
The leading order Lagragian is smart enough that it 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(A\Y) terms, while subleading Lagrangians (and operators) will be responsible for power
corrections. For example, if we have an interaction with an ultrasoft gluon then

(Dy,Pr) (pe,pr+k71w)

_)___a.___)_

3 _ i npy
L \“c;‘\ 2 (7-pg) (n-pr+n-kys)+(pp 1 )2+i0
us \'9 (4.43)
while if we have an interaction with a collinear gluon then
(Pesr) (Do, Pr+Gr)
E _ it (n-pe+i-qp)
13 2 (pgtieqe) (npr+n-ge) +(peL +q01 )*+i0
(9¢,9r) (4.44)

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
line W,,. As an example we will show how this is done for the Lagrangian ES?. In position space the

defining equations for a Wilson line are W (z,z) = 1 and its equation of motion, which we can transform
to momentum space

in - DyW(x,—00) =0 (position space)
|l Fourier Transform

in - DaWy,, = (P +gn- Ap)W, =0. (4.45)
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With this definition, the action of in - D, on a product of W,, and some arbitrary operator is

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

= W,PO (4.46)
So we have the operator equation -
- DWWy =W, P (4.47)
and with Wﬂ:Wn = 1 we have
i - Dy = W,PW, P =Wjin- D,W,, (4.48)

as operator identities. Since by collinear gauge invariance we can always group - 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
=Wi=W, — =W, . 4.49
in-Dy P P in-D, " (4.49)
The first relation allows us to rewrite ES? as
©) _ —izP 7 (; : N i
L, =e Enlin- D + zwmwn%wnupm 55”‘ (4.50)

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:

W(z) = { 3 exp (%’ﬁ : An(az)ﬂ . (4.51)

perms

4.3 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= M6 G + PI{0,47) +2Te[eid iV (4.52)

Gauge Kinetic Term Gauge Fixing Term Ghost Term

where GH¥ = é[D“, DY]. 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

. . o=
iD! — iD! = (P + g An) + (P + g A ) +

o3

(in-0+gn-A,+gn-Ays). (4.53)

Recall that the field A5 varys much more slowly than A}, so we can think of A 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
Als connection. Since by power counting only the n - A, gluon can appear along with the collinear gluons
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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.

AL, only this component is needed. Therefore we replace i0* — iDjs for all the ordinary derivatives in
Eq. (4.52) where

) nt— P a n
iDh. = ?P+PL+7m-8+§gn~Aus. (4.54)
The resulting leading order collinear gluon Lagrangian is then
1 . . . ot .
Eg%) = @Tr{([zD“, ZDH])Q} + TTr{([szjs, Anu])Q} + 2Tr{cn[zDﬁs, [iDH, cn]]} . (4.55)

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

£ = FiPutrus — 5 T{CUG} + 7 T (0, ALY} + 2Tr{eug i0,iDlcu ), (456)

where D}y = i0,, + Aljs. All the terms in £ have a power counting of O(A®), 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 7,5 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,
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Figure 7: Collinear gluon propagator with label momentum ¢ and residual momentum k, 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. (4.55).

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. 6
where each collinear line carries momenta (p,p,) with label momenta p* = n-p n*/2 + pj‘_ 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:

; (7 - ; 0(— - ; -
b Onep) W 0Cnep) b nep (4.58)
27’Lpr+%+20 2n'pr+%_i0 2n'pn'pr+pl_+zo

The Feynman rules between collinear gluons and ultrasoft gluons are shown in Fig. 7 with a collinear gluon
in background field gauge that is ultrasoft covariant and specified by the parameter 7.

4.5 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.
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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
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 (py,p,) € R¥1 x R% 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 5.3 that describes the redundancy
(o) + (pl) = (bt + B) + (pl' — B¥) which specifies T.

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 ki and the onshell
condition k2, = 0. For the external lines that are collinear it suffices to take label momenta Py =N -pe
and pg |, and a single residual momentum p,". This amounts to picking S above to contain the full p,;
and p’: . components. The onshell condition for the collinear particles is then simply pf_pj' — ﬁﬁ = 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 k;, and kg, 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. (4.11).

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 = (q¢,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;7, and from collinear and ultrasoft loops.

First we note that if we integrate over all label momenta ¢, 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

> / dlq, = / diq, (4.59)

where we have recombined the label and residual momenta for the minus components, and the (d — 2)
L -components. This is relevant for combining the two collinear loop integrations back into a single d-
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dimensional integration. In particular at leading order in A after having used momentum conservation
there will always be one g} for each collinear loop integration, where ¢, and qu do not appear in any
collinear or ultrasoft propagator, and hence not in the integrand F(q, , qj, q;"). We can therefore use this
residual momentum integration in Eq. (4.59) to obtain a full integration

1) Z/ddqr Flq; . qtq)) =Z/ddqr Flg +q7 a0 + a4 q)) Z/dqu(q,ql,fﬁ)- (4.60)
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. (4.59).
Essentially at leading order in A Eq. (4.60) 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 1 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)"**¢ 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 restrictions.f 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. (4.60). 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 ¢, and ¢;- that do not appear inside any ultrasoft propagators then the resulting
integration is zero

2) : Z/dd%" (QT)jF(QZaQKL’q:> =0, (4'61)
qe

where (g,)7 denotes positive powers of the ¢~ and ¢;- momenta, j > 0. Here Eq. (4.61) is like the dimensional
regularization rule, [ d%q(q?)7 = 0 for j > 0, which is a consequence of retaining Lorentz invariance with
this regulator. Eq. (4.61) 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. (4.59). 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, (4.62)
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.

4After 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 ¢q + p.

35



4.5 Rules for Combining Label and Residual Momenta in Amplitudes 4 SCET; LAGRANGIAN

Finally let us consider the implications of the zero-bin when combining label and residual momenta.
Rather than Eq. (4.59) we can have

> / d4q, (4.63)

qc#0

where gy # 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(q[,qi,qﬁ)ZZ/ddqu(q[+qr,qi+Qﬁqﬁ)

qr#0 q0#0

=Z/ddqu(qg+qr‘,qé+q7«l7qﬁ)—/ddquO(qyf,qhqﬁ)
qe
:/dqu(q,qL,qﬂ—/ddqr F%qy g, q)
= /ddq [F(q~,q"q") = F°(¢",q".q7)]. (4.64)

Here the integrand F° 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
F9 ~ \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 subtractions.2 The scaling for the subtraction is shown
pictorally in Fig. 8. The F term subtracts singularities from F that come from the region where the
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

SIn fact, an alternate formulation of zero-bin subtractions that avoids the use of notation like g, # 0 is to note that in
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
FO? 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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Figure 8: SCET} zero-bin from one collinear direction scaling into the ultrasoft region.

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/€]g), which are only important to properly interpret
whether factors of 1/e from the naive collinear loop integration that used Eq. (4.60) 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.
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5.1 Spin Symmetry
(0)

To examine the spin symmetry of ‘Cnf it is convenient to write the Lagrangian in a two component form.

From Eq. (3.11) we can write
1
b= 5 < Uf;n > : (5.1)

where ¢, is a two-component field, dim ¢,, = dim &, = 3/2, and ¢,, ~ A\. With this two-component field
the SCET Lagrangian is

. ‘ . .
£ =gl |in - D+iDf DY gk + ichon)] . (5.2

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, =iy, 4] = h = o3. (5.3)

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

as
3
fn—>75§n=<(l) é)%(:ﬁ”) 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 o satisfied

00t ~ Qa?t (5.6)

then & = U(x)&, would no longer have p? < Q2)\? 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(z) ~ QN2 1, \)Uy(z) (5.7)
ultrasoft  Uy(x): id*Uy,(z) ~ QA2 A2 DU, ().

There is also a global color transformation which for convenience we group together with the U,. To
avoid double counting, in the collinear transformation we fix U,(n -z = —oo) = 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
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recall that there is a background usoft gauge field Af;. Consequently we must take 9, — D, so that Al
transforms as a quantum field in an A% background. Therefore the collinear gauge transformations are

fn,p($) - (Un)p*(I(-r) gn,q(x) )
Al () = Un () (94% () + 60 iDI8 ) UL (2, (5.9)

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

(Un)m,qe = (Un>m—qz ) (5.10)
where the LHS is the (py,q¢) element of a matrix in momentum space, and the RHS is a number (both
are of course also matrices in color). Then Eq. (2.9) with a sum over repeated indices becomes &, ,, —
(Un)pp.ge€n.q,- And if we suppress indices then we have &, — (Up)&p.

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.

Collinear Gauge Transformations : U, (z)

Therefore our set of Collinear Gauge Transformations with the matrix notation for momentum space labels
are

o &u(@) = Un(2)én()
o Ali(z) = Up(x)(Ali(z) + LDs) Ul ()
L4 Qus(x) - qus(x)

o Alis(z) — Alis(x)

When using the momentum label notation the condition U, (n -z = —o0) = 1 becomes (Up)p,—0 = 0p,.0
for the zero-bin p; = 0 (the ultrasoft transformations do not modify large momenta, but the collinear
transformations do).

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.

Usoft Gauge Transformations : U,(x)

Therefore for the Ultrasoft Gauge Transformations we have
o &u(w) = Uus(w)én()
o Al(x) — Uys() AL(2)Ufs(2)
L4 Qus(x) — Uus(x)QUs(x)
o Alls(x) = Uns(@)(Alls(2) + 204)Ul(2)

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, (z) which only connects collinear fields to
each other.
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It is important to note that the U, and U, 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 A.

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, —00). In QCD a general
Wilson line with the gauge field along a path will transform on each end as W (x,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 z, and the product of multiple 7 - Ay, (2) — Uys(2)7t - Ap(2)Uds(z) leads to one U,s and Ujs on the left
and right. Thus with the matrix notation

collinear : Wi(z) = Up(z)Wa(z),
ultrasoft : Wi(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-light current then without the
Wilson line the operator &,I'hU is not gauge invariant, transforming to &,U,} TFh“S Here the &, transforms
because collinear gluons couple to &, without taking it offshell, but A%* 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, ~ A0 gluons generate a Wilson line W,,, so the complete result from tree level matching is

JsceT = E Wil hy®. (5.12)

Now under a collinear gauge transformation Jgcgr — §nU U W,I'hy® = E W, %%, so the current is
collinear gauge invariant. Under an ultrasoft gauge transformation Jscgr — §nUJsUu5W UuSFUushus =
£, W,T'h¥ 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 6.2 below.

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

m-D=in-0+gn-A,+gn- Ay, (5.13)
iDP =P +gAl
in-Dp,=P+gn-A,,
iDl =0t + gA~,
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

B ;DL %
§anL "fW Dnu2§n (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 7n 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 n 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, 7 basis vectors is that they satisfy
n?=n?=0, n-n=2 (5.15)

Consequently a different choice for n and 7 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 I I11
ny, = ny + A Ny — Ny, ny, — ent (5.16)
iy — My My = M+ ey Ny — e Yy,
where i-et =n-et =n-AL =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:

MNeonpon-pt+At-p = At~ A} (5.17)
MNaaposn-ptet-p=et~ A\

a~ 20

Thus only A 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 At, slf, 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 7, M"} or in terms of our standard light-cone coordinates f = J1 £ Ko, Q2i = Jy+ K1, and

Ks3. 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 n = (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

ﬁ“._én# L ”4—%
nH
ﬁ“._én# RIN ‘é»n“
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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 7 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 7 that satisfies Eq. (5.15) 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 7/n in both the numerator and denominator.
That is, in one of the combinations

3

(A-n)(B-n), gz A

= (5.18)

3

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

In order to derive the complete set of transformation relations we must also determine how p‘i 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 nk AN nk
p“zin-p%—?n-p%—p‘i == Tn-p—i—in-p—i—p‘i—i—fn-p—l—?AL~p¢—|—51(p‘i):p“. (5.19)
Thus p‘i must transform as
1 n# AR
pﬁ_==>pi~—45ﬂﬁL~p¢-—4§£n-p- (5.20)

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

I nt et
pizpi—?sL-pL—?Ln-p. (5.21)

Summarizing all the type-I and type-II transformations on vectors and fields (using D" as a typical vector)

we have
I 11
n—n+ AL n—n
n—n n—n+et
n-D—n-D+AL. DL n-D—n-D 5 99
L _ n .
Df 5 DL—2n.D-ZAL.D| DI DE-%n.D-"eD (5:22)
n-D—n-D n-D—n-D+et- Dt
L .
Wy, = Wy Wy = (1= et -iDH) W,
For type-III transformations p’i does not transform, and neither does W,,.
We can show that our leading order SCET Lagrangian
0 ) ﬁ _ 1 . ﬁ
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is invariant under these transformations. Under a type-I transformation we have

- 1
51/:5105) = (fnin . D?@) + o1 <§nz’]Dn7 LWUD” L?&) (5.24)
= iA" Dﬂ;gn — &uit Dﬂ;gn
=0

where to obtain the second line we used #2 = 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 J;. For example, the term we encountered at the end of the gauge symmetry section

transforms as )

5(1) (fnzDi‘szDJ‘”?gn> = _fniAJ— ’ D?fn (5'25)
which is the same transformation as for the second term in (5.24). 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 [Z] with the final result that our Lagrangian L';OE) remains invariant under dr; 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-IIT1 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 .

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) PL=p +0 ) (5.26)
into py and p, in different ways as long as we maintain the power counting. Specifically, a transformation
that takes

PH — PH+ pH 10t — ot — pH (5.27)
implements this freedom. The transformation on 79" is induced by the S-transformation of the fields, for
example '

Enp(@) = P06, 1 s(@). (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 (py, p,) in R? x R*/Z. Invariance
under this RPI requires the combination
PH 4ot (5.29)
to be grouped together for collinear fields. Since P and in -9 (and Pj‘_ and z@ﬁ) appear at different orders
in the power counting, this RPI connects the Wilson coefficients of operators at different orders in .

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, | — U.D, Ul UwsiDyy L Uds
in- Dy — Ugdn - DaUl Uysifi - DpUdsm
in-D—  Usin-DUJ Uysin - DU
iDl — iDH, UysiDILUL
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The most natural guess for the gauging of (5.29) would be
iDl' | +iDl i - Dy + i - 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! | + WyoiDi Wl (5.31)

n n

ifi - D = ifi - Dy, + Wyift - Dys W, (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

&nilD, | Wn(1/P) Wgz]Dn 1&n in Enog) yields the subleading Lagrangian that couples collinear quarks to A**
gluons,

L) = (EWn)i f;(wgiwn,m + <§niwn,LWn>;iwiS<Wan>. (5.33)

The complete set of SCET] Lagrangian interactions up to O(A2?) can be found in Ref. [10].

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™ e p(2)C = —[€n,—p(x)C]" (5.34)
P_lgn,p(l')P = ’7057’1,13(1‘P)
T71§n7p(1')T = Tgﬁﬁ(l'T

where n = (1,0,0,1), n = (1,0,0, 1), p= (p*,p~, p*), = (z7, 27, z1), C is the standard matrix induced

by charge conjugation symmetry, and we have defined p = (p~,pT, —pt) as well as zp = (z~, 2+, —2t)
and xp = (—z~, —a T, 27).

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
£8m, = £90 + 7 £+ £9)]. (5.35)
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for n1,n9,ns, ... collinear modes in the sum on n. The collinear modes are distinct only if
ni-n; >\ fori#j. (5.36)

We may understand this result by a counter argument: If a momentum ps = Qne, then ni-ps = Qni-ng ~ A2
iff n1 - no ~ A2. Hence po is nq-collinear, and ns is not a distinct collinear direction from nqy. 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;,7;} basis vectors since the components have a definite power
counting: (n; - p,7; - p,Pn; 1) ~ (A%, 1, 1). Note that the meaning of 1 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,,, = Wy, [fi; - Ay,]. The definitions
are identical to Eq. (4.51) with n — n;, 7 — 7;, 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 ee™ — v* — two-jets. The QCD current is
JH = Yy, By integrating out offshell fields to match onto SCETT we obtain the leading order current

JgCET = (gfbl Wn1 )FYM(W):Q fng) . (5.37)

Here n; and ng are the directions of the two jets. The Wilson line W,,, = W,,,[n1 - A, ] is generated by
integrating out the attachment of n; - A,, gluons to na-collinear quarks and gluons, and analogously for
Wh,. The resulting operator in Eq. (7.29) is invariant under nj-collinear, na-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 [6, 8]).

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.
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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.
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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.

6.1 Ultrasoft-Collinear Factorization

Recall that only the n - A,s component couples to n-collinear quarks and gluons at leading order in A.
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, gluons. For example, if we consider Fig. 9 with only one ultrasoft gluon then the
collinear quark propagator is
n-p B n-p B n-p
n-pn-(pr+k)+p:+i0 n-pn-k+p*+i0 n-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. 10.

Now, we consider the case of multiple usoft gluon emission. Calculating within SCET the graphs in
Fig. 9 gives I' Y,,u,, where I" is the structure at the ® vertex, and u,, is a collinear quark spinor. Here

5 0 (—g)mn'Aal(kl)“'n'Aam(k‘m)Tam---Tal
Yn—z Z n-kin- (k1 +ka)-on- (O, ki) (6.2)

m=0 perms

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, (x) = Pexp [zg/ dsn - Aj(x+ns)T*| . (6.3)

It satisfies a defining equation and unitarity condition:

in-DY, =0, Ylv,=1. (6.4)

46



6.1 Ultrasoft-Collinear Factorization 6 FACTORIZATION FROM MODE SEPARATION

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 o0
Yo+ =Pexp (zg/ ds n-Ays(x + sn)) , Y, =Pexp (—ig/ dsn-Ays(x + sn)) , (6.5)
o 0
—_ 0 o0
YJ_ =Pexp (—z’g/ dsn-Ayus(x + sn)> , YTJr =Pexp (zg/ ds n-Ays(x + sn)> )

Here (Y,+)f = Yrjq:, and the subscript on YTL should be read as (Y;])+ rather than (Y3)!. 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. 10.

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,,(x). To show that this is
indeed the case we consider the BPS field redefinitions [6]

Enp(@) = Ya(@)E) (@), Al (2) = Yalx) AN ()Y} (2) . (6.6)
They include in addition ¢, () = Y, () cgg)YJ (z) for the ghost field in any general covariant gauge.
The defining equation for Y;, implies the operator equation
Yiin - DysY, =in- 0. (6.7)
Also because the label operator P commutes with Y,, the redefinition on 7 - 4, in (6.6) implies that
W, — Y, WOyt (6.8)

where WS)) is built from ﬁ'A%O) fields. Implementing these transformations into our leading collinear quark
Lagrangian we find

5(05) — En’p/ (m D+ Z]DnL — anL> ?fn,p

_ ) 1
= fn,p’ <Zn “Dys +gn - An g + (7PJ_ + gAn,qJ_)WEWT(?J_ + gAn,qJ.)) Zign,p
=&Y (in- Dys + g¥n- AV

1
+(PL+ QYAS?EILYT)YW(O)YT%YW(O)TYT(WL + gAﬁS?;ﬁ) ?Y&,ﬁ%

=) (04 g AT} + (P4 9A0, DWOZWONPL 940, )) BB (09

where the last line is completely independent of the usoft gluon field. With similar steps we can easily
(0)

show that the collinear gluon Lagrangian Lyg in (4.55) also completely decouples from the n - A,s usoft
gluon field. In summary, we see that the usoft gluons have completely decoupled from collinear particles

in the leading order collinear Lagrangian [,;0) = [,g? + [,7(109) via
(0) [EH,IH n,q’ n- A’LLS] - [gn P’ %021M7 O:| (610)

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
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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., Yl, Y_, or Y since these interplolating field
operators are localized either at —oo or 4oo.

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

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

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 (Efg;W(o)) and (YnT 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:

Eg.2: Consider a current that is a global color singlet within the n-collinear sector
"= €W, = € WO OteD). (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 SCET] 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, n; and ng, and the BPS field redefinitions give Y;,, and Y,,, ultrasoft Wilson lines:

J = (&, W D(W),6ny) = (EDWD) (V] Y, )T (WD) . (6.13)

This result involves the product of three factored sectors (nj-collinear)(ultrasoft)(ng-collinear). Here the
lines are both outgoing, Y YT1Jr and Y, = Yn,—.
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Remark: It is possible to formulate a gauge symmetry for the decoupled collinear fields via U,SO) =
Yl (x)Uy(x)Yy(z), 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

(€ W) T*h,C(P) = C(—P, u) (€, W, )T¥h, (6.14)

(noting that fT > 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

EWIhCP') = [ dw Clao, ) (€ W)~ P70,
= /dw C(w, 1)O(w, ) (6.15)

where C'(w, i) 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-DaW,, =0,  WiW,=1,  in-D,=W,PW,, 1/(ifi - D) = Wy (1/PYW . (6.16)
These conditions imply the operator equations (for any integer k)
(if - 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 - D) = Wy f(PYW' = / do f(w) (Wo(w —P)W]].

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
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flin - D,) and the extra Wilson lines are included in the operator.) For example, with our current for
ete™ — dijets we have

/dw1 dws C(wl,wz) (EMWm)é(wl — N1 - PT)F(S(OJQ — N9 - ’P)(W;£2€n2) . (619)

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'(wy,ws)
will be constrained by momentum conservation for the process under consideration, and any nontrivial
dependence must be determined by matching calculations.

6.3 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” (SCET}) or “quark parton field” (SCET}yy)
Xn = Wi, (6.20)
Xnw = 0(w — 71 - P)(WiEn),

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

/dw1 dws C(w1,w2) Xnw I'Xnws- (6.21)
For the gluon field we define a “gluon jet field” (SCETT) or “gluon parton field” (SCETy;) as
B! = E [1W;[m - Dy, iD" TW, |, (6.22)
gln-P
By, =B, 0w —Ph),

where the label operators and derivatives act only on the fields inside the outer square brackets. We can
show that a complete basis of objects for building collinear operators at any order in A is given by the
three objects [14]

Xn s B, PE . (6.23)

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 BZ N
in terms of gluon fields yields

N
¢
BZL:AZL—ﬁn-Ang—i—..., (6.24)

where the ellipses denote terms with > 2 collineangluon fields. In addition to the building blocks in (6.23),
operators will also of course involve functions of P = n - P that appear as Wilson coefficients.

To see that Eq. (6.23) gives a complete basis we start by noting that the L covariant derivative is
redundant. If we consider it sandwiched by Wilson lines, then

iDipt = WiiD! W, =Pl +gB!, . (6.25)
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To show this we manipulate the operator as follows

WD W = Ph| + [WiD}y | W]
1 1
=Pt [ﬁ i PWLiDy, W } =P+ [W Wiin - DniDzJ_Wn]
=P+ {ﬁ Wilin - Dy, iDgl]Wn] =Pl +9B . (6.26)

The outer square brackets indicate that deriviatives act only on objects inside. In the second line 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
so that we could write the result as a commutator.

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

in -0 = — (g Bu)n — (P5) — (15 (6.27)

where D! I, is given in terms of basis objects by (6.25), and where

n-B, = 1 [;Wg[m - D, in - Dn]Wn} : (6.28)
g

The gluon equations motion allow us to elliminate n - B, in terms of basis objects as

2PnJ_ nJ_ 2 A A
n-By=——SBT 4 - 7> T Z I + ..., (6.29)

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)WTED: iDY W] and gBY, = [1/(A - P)WT[iD" ,in-D,]W] can again be eliminated
in terms of the building blocks with manipulations similar to those in (6.26), and with the use of (6.29).
We do still need all of the original ultrasoft fields and operators, including ultrasoft covariant derivatives
and field strengths. The ultrasoft equations of motion (equivalent to the QCD equations of motion) can
be used to reduce the basis for these operators. It is worth remarking about the connections between

our building blocks in Eq. (6.23) and the ultrasoft operators that come from RPI and gauge covariance.
Multiplying the identities in (5.32) with Wilson lines on both sides we find

iWliD W, =iDh | +iD}, | =P, + 9Bl +iDl, |,
iWlin-DW, =#-P +in- DL . (6.30)

Thus factors of 737’; | and 7 - P that appear in operators will be connected to higher order operators with
these ultrasoft covariant derivatives.
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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.

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 — sv 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/emg 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
JB,,CDF M where F),, is the photon field strength and the quark tensor current is

JD — 5T, T =o"Pg. (7.1)

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

JSCET _ (& W)ThyC(v-nP) / 4w C(9) TnThe - (7.2)

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¢:

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

a,Cr #2
Ly, =1 — —+4+3ln— +4
by i |:6 + = +31ln Z + :|
asCr |1 —p2

(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 iUWUb(Pb) (74)
while the one-loop diagram
S50,
Q—L%
pb (=4 b
 — 9, >
> >

gives
2 »?

Vg = asCF[l 2(mb>+21 (%)—i—kln(ﬂ >+21n——31n—+f1(1—q) s Pr o™ u,

4 mj
a,C o LAY _ pVmlt
+— E (-2 UsPR(w>ub’ (7.5)
T my

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 2 = (p, — p)?/mi = 1 — 2p, - p/mi and the functions appearing
in Eq. (Z.5) are

4
(12

fi(z) =In(z) + . In(z) + 2Lig(1 — 2) + 72, fo(x) = In(z). (7.6)

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

ozsCFl

Ztensor =1+ Ar € .

(7.7)

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

1 1 _
QCD Sum = Vcd + |:2(Z’L/Jb - 1) + 5(27# - 1) (Ztensor - )} Vvch

2 2 1 2
:—ﬂsfubasCF ln2<—p>+§ln( p)%—f+hﬂ('u)—i—f1(w)—i-§
4 w? 2 w? mp 2
Ne; [Vl
+2 Ff2<i> ﬂsPR<w)ub7 (7.8)
47 myp myp
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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:

Cr /2 2
% 28 o nln, =0, SGD% Zps =14 2 (7 = —) . (79)
O — " v 4Tt \e €R

We can already note that the 1/er pole in Zp® matches up with the IR pole in Z,, 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. (4.43) for a line with injected
ultrasoft momentum, we have

&k pPac new
(v-k+1i0)(n-k+p?/a-p+i0)(k? +i0)

=Vl = (ig)Q(—i)CFﬁnFuv/

1 aCp1 2 Un - p o MR-P 372 o
Vs = = Lﬁeln () + 2" (=) + |V (r20)

where the tree level SCET amplitude is

0
‘/sce

¢ = Unl'Uy (7.11)

and (¢ = (47)%e“'F ensures that the scale y 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 4 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 11/2 and the vertex gives a i1/2 to yield the projector P, = (ii)/4 acting on the light-quark spinor,
Pyu, = 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
renormalization graph for the light-collinear quark

> Cras (1 —p? Cras /1 _p?
:_,_:ﬁ_LL%(f_lnierl)’ o Zy =1 Cros(l oy, gy
e & — 2n-p 4w \e 2 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. (6). Note that the result for
Zg,, is the same as the full theory Z,. This occurs because for the wavefunction graph there is no connection
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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 Zy 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.

~0. (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,

ﬁ ﬁ (pe + ko)
= —ig Cpunfuvu L€ Z /
k: ) (k
— (72 - ko) (K2)(k + p)?
ke # —pe

= —ig’Cpunlu, V. (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= kg2 (k+p)* = (b +p0)(k; +07) — (kg +57)°, (7.15)

and are homogeneous in the power counting with k% ~ p? ~ A2. We have also introduced the notation
with a hat, V!, 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, £~ ~ ). 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
for b — s7, things are actually simple for a different reason. The SCET operator in Eq. (7.2) contains
only a single gauge invariant product of collinear fields, (£,1), 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. (7.14) 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
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of the collinear jet, which in this case is - p = myp. 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. (7.14) we should follow the rules from section 4.5 on
combining label and residual momenta. As a first pass we will ignore the 0-bin restrictions ky # 0, —py.
In this case we can apply the simple rule from Eq. (4.60). 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  2ec [0k ()@ (p+ k)
Va ‘“zb/ (7 K)R2(k + p)?

1 2 2 2 2 9 2 2 72
= =+ -+-In| — 1 — 2In | — 4——1. 1
e LQ + . + - In (—p2> +1In (—p2 +2In 7 + 5 (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 E.

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/! + 5Zhs = 1)+ 5(Zg, = 1) VO, (7.18)

and then compare with the full QCD calculation, setting the renormalized coupling g? = 4was(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/€r from the heavy quark wavefunction

renormalization) then we find for I' = Pric*” that at leading order qucd = V9, and
asCp —p? 3 —p? 1
(Sum QCD)rel’l = — Zﬂ_ |:1n2 (Tng> —+ 5 In (Tnz + % +... ‘/s((]:et +...,
: asCr —p? 3 —p? 1 1 5 2 m
Sum SCET)™v¢ = — =% |1n? | —- —In| — — = —- In{— | VO
(Sum ) 4w [n (m§>+2n<m§ +61R 2 2 ¢ mp * scet

(7.19)

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(7 - p/p)/e = —In(/myp) /€. 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/e pole to possibly have
an ultraviolet interpretation. The remaining dependence on 7 - p = my, in the 1/€e pole is fine because this
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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 n -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 4 40, as it should be in the infrared region. In this
region the original propagator does not behave like n - k. The n - 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.(4.64) to obtain

71 2¢ € d (n ) ﬁ‘) n- (p + k) (n ) ﬁ) n-p “71,naive 71,0bin
Vo = /J " [(n-k)k2(k+p)2 T @ REmopn k)] (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¢ ~ A2 where we only keep terms up to those scaling as A~®, which gives precisely the integrand in
Eq. (7.20) denoted as Vi™™. 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; 4+ py ~ A2. For this case one of the factors in
the denominator is -k — —7n-p ~ A° (and there is suppresion from the numerator as well) so there is no
contribution at O(A~8).

Being more careful about the UV (1/e) and IR (1/€r) divergences we find
~ 1 nai ' 2 2 2 2 2 2 2 2 2
plnaive _ [++ln“+ (— ——) lnL—i—an'u—Q—l—an K +4—7r} ,
—-p

n-p —p —p? 6
A 2 2171 2
‘/nl,Obln _ ? |: _ :| |: + IHL —In M:| ,

(4m)2 |e  em] |e —p? n-p
LCrl[2 2 2 2 2 2 2
vl= a47TF [62 o4 <_“p2> 4 In? <—#p2) +2In <_“p2> +4- 7;] : (7.21)

So we see that the subtraction cancels the 7 - ¢ — 0 IR singularities 1/eg in the first line. The UV
divergences arising from 7 - ¢ — 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

contribution is still important to obtain the correct physical interpretation for the divergences. &

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

P, €) = Zo(p,w, €)C(1w) = C + (Zo — 1)C, (7.22)

SFor other less inclusive calculations or for other choices of regulators (such as Q2 < k2 < A2, Q% < (k7)% < A%) 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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and adding the counterterm graph with (Z¢ — 1)C to cancel the 1/e poles in MS gives

2

Crog 1 1 5
COras(y) <?2 +-In % + 2—6) +0(0?). (7.23)

Z =1-
C(lu’?w7€) 47T

(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

(Sum QD) = _ %:CF LIR+1 2( p2> §1 ( P2)+21n( >+f1( b) ]Vs%et

A7 w? w?
C T "
045 Ff2( ) _PR(p’Y Py )Uln
my

1
(Sum SCET)™ = VL + V! + [(Z“j — 1)+ 5(Ze, — 1) + (Zo - 1)} V0

scet

2

- e ) ) o () B e e

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 C4 (u,w,mp) and Cy(p, w, mp) that multiply the SCET operator in
Eq. (7.2) for the Dirac structures I' = T'y = Pgrio*” and I' = 'y = Pg(n*+/ — n"~!') 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

) =1 = S0 [ (1) 5 (1) 4 () - B ]

Colpoiormy) = SE0) 2 (2, (7.25)

4T 2my, mp

7.2 efe” — 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 = pg = p? # 0, to regulate all IR divergences.

In full QCD, the production of hadrons in e*e™ 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

J¥P —qliq, 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
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back-to-back n and 7 directions
JSCET — (&, W DiC (P, Py ) (WiE,) = / dw dw' C(w,w") XL 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

JIET = 0(Q?) (&aWa) T (W&, (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

Zy=1- O‘ﬁF [1 ~1 _u]f + 1} (7.30)
The remaining vertex graph can again be calculated in a straightforward manner. At tree level we find
V(?Cd = u(py)Tivn(pn) (7.31)
while the one loop vertex diagram
el P,

gives

. ddk o N . + il + . _
Vqlcd = MQ L /Wzgu(pq)'y T4 EZZ ,j)ég I (;(;éj_ k)ﬁ) Zg’YaTA U(Pti) kfgz
oo [ A% (g + BT (Bg + K) a
= Ce | G 00 G i a0
SC ]. 2 2 — 2 _ 0 2 2 B
= a47TF L—21n2§2 —5ln% —21n7( QM2 i0) ——g —|—1] u(pq) I'iv(pg) - (7.32)

Here (€ = (471) e“7F ensures that the scale y has the appropriate normalization for the MS scheme. Adding
the QCD diagrams we find

1
QCD Sum = Vo +2|5(Z = )| Vi
asCr 5 1 p? —Q? om?]
= [—QIn @ —41n @ —1In 2 e u(pq) I'i v(pg) - (7.33)
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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

C 1 —p?
28 =0, Ze=1- jas(f—ln—p—i—l). (7.34)
1

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

and is given by

d’k 7 i n-p i —n - pg 7 —i
Vl‘ — 2€ € — ( r aTA)f q | q ( A= TA> _ "
usoft M L/(27r)du” 1 2n 2ﬁ_pqn.k+p3 lQn-qu_l-k‘erz 19 —Ng Vi
. _ d’k n-n
(2m) (nk+ ) (bt ) k2

as;Cp 2 2. —pt 5 —pt w2

p [—62 In 2Q2 —1In 2072 ) Un (pg)Tiva(pg) - (7.35)
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 Wx[n - Az] Wilson line and the 7n-collinear quark

€

For the first diagram, we find

ce [d% [ o vt (LK PP+ | W
Veon 2L/(27T)dlgun [n Tap ﬁ-(p+k)Lﬁ-pﬁ-(p+k)]2TA
Hn-(p+k) N —q
R ()

. dk (n-n)n-(p+k)
2 2€ € m
1k L/(27r)d nk(pt+h)2Zk2 "
aCr[2 2 2. —p? 5 — P> —p? w21 _

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 — sy in Eq. (7.14). The result in
Eq. (7.36) is for the naive integrand, since it does not include the 0-bin subtraction contribution. But the
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0-bin subtraction terms here are scaleless as in Eq. (7.21), and hence the final result in Eq. (7.36) 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 = Vusoft + 2choll +2 |:2 (Z§ - 1):| ‘/;%et (737)
C 2 3 2 e Y 2 22 2 5 2
:O‘ZF[Q ° i Q +21n2“2—1n2“Q4 +41n“2+8—”}unr,-vﬁ
T |e€ € € u? —p —p —p 6
asCp 2 3 2 —Q? 5 —Q° N O 5m2]
= -4+ -—-- In 8 — — Tvg .
47 [62 e e 2 Q2 * 2 Q2 w2 + T

Comparing the In(p?) dependence in the final line to the QCD amplitude in Eq. (7.33) 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.€) = Ze (1, Q. C(1,Q) = C + (Zo — 1)C (7.38)
the renormalization constant that cancels the divergences in Eq. (7.37) is
Cras(w) [ 2 3 2 —Q? —i0
Ze=1+ —""— |- ——+-In| ——— || . 7.39
© + 47 €2 € * e w? (7.39)
Taking the difference between the renormalized matrix elements in full QCD and SCET,
ren asCr 2 P 2 _Q2 27 _
(QCD sum)™" = i [ 21n @ —4In @ —1In 2 3 u(pn) Liv(pn) , (7.40)

ren __ asCr 2 p 2 Q2 p2 _Q2 5m? _
(SCET sum)™" = . [ 21n Q2+1 2 —41n @—41 8—7 Unlivn ,
we obtain the matching result for Wilson coefficient of the operator in Eq. (7.29) at one-loop order
Cras(p) o [(—Q* =0 —-Q*—i0 w2
=14 ——= -1 —_— In|{ ———— ) — — . 41
C(p, Q) + yp n 2 +3In e 8+ 5 (7.41)

Note that the only momentum dependence in the Wilson coeflicient is in 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. If we choose the renormalization scale to be equal to @, we
find that all logarithms vanish

Cras 72
0(Q.q) =14 TFQ | g T g ] (7.42)
47 6
Sometimes it is useful to avoid inducing large factors of 7w in the non-logarithmic terms, which can be
accomplished by using a complex scale, y = —i(). Here this gives
Cras(—i 2
C(—iQ,Q) =1+ W [—8 + H . (7.43)

For dijet observables described by the current in Eq. (7.29) the cross section is obtained by squaring the
amplitude, and will depend on a hard function defined by

H(p, Q) = |C(1, Q)

Thus the imaginary contributions in C'(u, Q) cancel out for these observables.

2. (7.44)
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7.3 Summing Sudakov Logarithms

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

0= udczcbm(e) = MCZL [Zc (1, €)C(1)] = [MCZLZC(M 6)} C(p) + Zc (s €) [udciC(u)} : (7.45)

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

d

pCl) = [ = 220 g 21,0 €l = 0 C ). (7.46)

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

d
u@as(,u, €) = —2e ag(p, €) + Blas], (7.47)

where ([a;] is the standard d = 4 QCD beta function written in terms of a(u, €).
Lets apply this to our two examples in turn. The counterterm for the b — sy current is

s 12
Zg:1—o‘(”)CF<+61n“+25€>. (7.48)

A7 €2 w

Using the definition of v¢ in Eq. (7.46) we find

1 d d Cpas(p,e) (1 2 pu 5
2 = —7) = — ’ - “ImE -
70(#7‘*}’6) Zg ud/ﬁ C 'udu 471’ 62 + n + 2
C S 9 2 2
_ Uronlpie) <— —4m*t —5+> +0(a3),
47 € w €
~ o as(p) I
Ye(p,w) = o (4CF In . + 5C'F> , (7.49)

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

Zgjet:HW{—;—‘:’Jrim(_Q;;m)}, (7.50)
so the anomalous dimension is obtained by
7 (1, Qse) = —Zéjet ”CZ,Ldet = NZLCFCZ(TH’ . LQ? * % " éln <—Ql;2— iO)]
:CFOZW [_64—6—41n<_Q/;2_Z,0> +ﬂ +0(a?),
AN (1, Q) = O‘Z(:) [4CF In <—Q/;2—zo> + GCF] . (7.51)

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.
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An interesting feature of anomalous dimensions in SCET is the presence of a single logarithm, In(u).
It can be shown by the consistency of SCET, or by consistency of top-down versus bottom-up evolution
using a factorization theorem for a process with Sudakov logarithms, that no terms with more than a single
logarithm can appear in 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 nj, where cosh 8;; = n; - nj/[|ni||n;|]. In the light-like limit
n?, n? — 0 we have f;; — oo. The cusp anomalous dimension is linear in 3;; in this limit, which yields
a logarithmic dependence on 2n; - n;/[|n;||n;|] since cosh 3;; ~ €% /2. This single logarithm is the same
one encountered in Eqgs. (7.49) and (7.50), where the 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 )l 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.

The all orders form for the anomalous dimension of our two example currents is

10(1,w) = ~ac Teusplora ()] o (=) = clon(w)],
Ceusplovs] = i (Z—;)kr‘zﬂSp’ Yelos] = i (%?)k%?v (7.52)
k=1 k=1

where Teyps[avs] is called the cusp-anomalous dimension, and the one-loop result has I'!"P = 4. The
constant prefactor ac, the dimensionful variable w¢, and the non-cusp anomalous dimension yo[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

Yo (p,w) ~ [o ln(,u)]LL + [ + o? ln(,u)]NLL + [ai + a3 ln(/‘)]NNLL +.... (7.53)

Thus we see that the cusp-anomalous dimension with the In(u) is required at one-higher order than the
non-cusp anomalous dimension. (Typically 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, that is up to I'5™".)
To solve the first order differential equation involving ¢ we also must specify a boundary condition for
C(p,w). At both LL and NLL order the tree-level boundary condition suffices, while at NNLL we need

the one-loop boundary condition, etc.
Lets solve the generic anomalous dimension at LL order where

udci InC(p,w) = —4acaz(:) In (g) = _aco:(,u) In <g> (7.54)

This equation may be solved for specific quantum field theories. For QED without massless fermions the
coupling does not run, and with the tree-level boundary condition C(u = w,w) =1+ O(as) we have

C(p,w) = exp [—QC% In? (g)} . (7.55)

This result involves an exponential of a double logarithm, and is often referred to as the Sudakov form
factor. The suppression encoded in this result 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 factor also gives the
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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 _bo o 11 4
B = = — - 7T . .
iz duO‘S(“’) 5 )y Bo=5Ca— Trny (7.56)

Together Eqs. (7.54) and (7.56) are a coupled set of differential equations. The easiest way to solve these
two equations is to use the second one to implement a change of variable for the first by noting that

s(w)
dog :_2£ aloz;7 h}(u) 27 / d(;z
5[0[5] 50 Qg BO (w) «

Using the more generic boundary condition which fixes the coefficient at the scale pg, C(po,w) = 14+ 0O(a)

we then have
2m\2 [ dag acas [ da
In C(p,w) :_(%> /a " /Q(w)aQ

w

dlnp = (7.57)

s(1o) S
_drag /%W das[ 1 1 ]
= PR + -
50 as(uo) Qs as  ag(w)
47rac[ 1 1 1 as(p) }
= + In
5() s(:u) QS(MO) Qs (w) (as (,U/O) )
47Tac 1 2a¢
= l1+lnz)——1In Inz, 7.58
- BRas(uo) <Z ) Bo <Mo) (7.58)

where in the last line we used 1/as(w) = 1/as(po) + g—fr In(w/ o), and defined

as(p)
z= . 7.59
A (NO) ( )
The solution is therefore
dmac ] w \ —2acInz/Bo
C(p,w) =ex ——(——14+1Inz — . 7.60
(k) P [ Bias(po) \z ( ) <uo> (7.60)

This result sums the infinite tower of leading-logarithms in the exponent which are of the form, C ~
exp(—asL? —a?L3—a3L*—...), where the coefficients here are schematic and L = In(u/pu0) 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

€~ [_ L;(QSL)k] w {Xk:(asL)k} Nin [;as(asL)k} ST (7.61)

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(wi,w2,w3,w1) Xy Lw Blay 1y Brvs 1o Xnaos) (7.62)
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8 DEEP INELASTIC SCATTERING

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

/dm dwy C(w1,w2) [Xp oy Xnon ] - (7.63)

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

o Clse) = [ 'y o)l (7.64)

Indeed, the operator in Eq. (7.64) 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*m — 70 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. (7.64). We will carry out an example of an evolution equation with a
convolution in the next section, where we consider DIS and the DGLAP equation.

8 Deep Inelastic Scattering

(ROUGH) DIS is a rich subject, so for the purpose of these notes we will treat only aspects related to
factorization and the renormalization group evolution with SCET. In particular we will demonstrate the
factorization of momentum by showing that the forward DIS scattering amplitude can be written as an
integral over hard coefficients times parton distribution functions.

8.1 Factorization of Amplitude

The scattering process is depicted in the figure. The hard scale @ of the process is defined by the photon

Figure 11: Deep Inelastic Scattering

momentum ¢*

¢ =-Q° (8.1)
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8.1 Factorization of Amplitude 8 DEEP INELASTIC SCATTERING

and satisfies Q2 > A2%. Our Bjorken variable z is defined in the standard way

_ ¢
T = 4 (8.2)

and with momentum conservation defined by p* + ¢* = pl, we have

2
=Tz rm (53

With this result we may determine the various energy regions of the process

Regions Description
(% — 1) ~1 = p% ~Q* Standard OPE Region
(% — 1) ~ % = p% ~ QA Endpoint Region
% — 1) ~ g—z = p% ~ 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 Q? 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 ¢g* is zero with

' = %(ﬁ“ —nt). (8.4)
The proton and final state momentum are then
p”z%ﬁ-p#—%unp (8.5)
SO (5.6
= %#% + (8.7)
Py =" +¢" (8.8)
:725+ﬁ;Q(1;x). (8.9)

The cross section for DIS in terms of leptonic and hadronic tensors is
&K et

g = W@Luy(kj’k/)wlﬂ/(p’ q) (810)

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 (p,q) = ;ImTW (8.11)

where

Tup,0) = 5 3 G T@l)  Tule) =1 [ dlac™T(2,()1,0) (312

spin
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8.1 Factorization of Amplitude 8 DEEP INELASTIC SCATTERING

Taking J, to be an electromagnetic current, we may write

T(p.q) = <g,w + q;‘g”) Ti(e, Q%) + (b + g—;) (o + ;%) Ty(z, Q?). (8.13)

which satisfies current conservation, P, C, and T symmetries. Matching the T v (q) onto the most general
leading order SCET operator for collinear fields in the n* direction and satisfying current conservation
q"T),, we have

1324 . g I =) v 14 . g
o 9 < (i) Ol> (n* 4+ n*)(n” +n )( (i) 02>
™ — = (0" +— ) + Oy + —= 8.14
Q \"" @ Q 2 Q (8:14)
where
Dm0 s S i
of =g, wic) @, Pow's, (8.15)
Of = TeWIBYW CY(P,, P )W B W] (8.16)
(8.17)
with igBi and P4 defined as
igB} = [in- Dy, iD) |}, Pi=P +P. (8.18)

(@)

The subscripts j in Oji are arbitrary labels, similar to those found in (8.13), which differentiate the two

parts of of T/w- The superscript (i) defines the flavor (u,d, s, etc.) of quarks and the superscript ¢ in Ojg-

stands for a gluon. In accord with their labels, O](-Z) will lead to the quark and anti-quark PDF and Oé-’
will lead to the gluon PDF. The placement of factors of 5 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 (8.12), T v has mass dimension 2.

In (8.14) there are both quark and gluon operators. However, with TW defined in terms of an electro-
magnetic current we can focus on the quarks and treat the gluons as an higher order contribution so that
TW becomes
9 o, (W) (" + %)
—=0 + Q

, we may introduce a convolution to separate the hard coefficients

T oV, (8.19)

Returning to the quark operator Oj(-i)

from the long distance operators

i
2
where w4 = w; + we. Our hope is to connect this operator to the PDF as a clear demonstration of
factorization. The PDF for quarks is given by

0 = [ dindisn O o1, 0 ) (€W )nBlir ~ P S (W 1€0)) 82— P) (3.20)

Fipl€) = [ dye 4 Gl €)W (3. ~0)iE(1) ) (3:21)
and the PDF for anti-quarks is simply f; /p(&) = —fi/p(—€). In momentum space, we can write the matrix
element in (8.21) as

(plEWIW (y, —9)REW) p) = (0] WV ) RIWTE0))es ) (8:22)
1
= 4n 'p/ déd(w-) (8.23)
O J—
X [0(ws =280 p) fi/p(€) — 0w+ + 20 - p) f/,(8)]- (8.24)
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8.1 Factorization of Amplitude 8 DEEP INELASTIC SCATTERING

The delta function over w_ sets wy; = wy. The other set of dezca functions ensure that for wy > 0 we use
quark PDF f;/,(2). and for wi < 0 we use anti-quark PDF f;(z). Using these results we may rewrite
(4)

our operator Oj including spin averages as

3 20100 1p) = ¢ [ dondin O o, ) (€W )en Sl ~ PRIV )bl ~ Y] (829

- i/dwldw20§i)(w+, w_ )47 - p (8.26)

[ B =260 D)) — 3+ 20 DT 1) (3.27)

=1 [ 1C)@R+ E0)1(©) ~ CY(-20 6,007, (6] (3.25)

Now, by charge conjugation invariance (reference), we have C(—wy, w_) = —C(ws, w_) so that the final

form of the spin averaged matrix element is

S wlOP ) =n-p / Ci(2n - pE, ) fispl(26) + FosplE))- (8.29)

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

% o

O(Z gnp (P-i-v )WTfnp

is a color singlet and therefore decouples from any color-charge changing (i.e. gluon) interactions. With
(8.29) we have the necessary result for a demonstration of factorization. Now all that is left to do is perform

the matching of the full field theoretic operators T} (z, @?) and T»(z, Q?) onto the operators O](-i). Recalling

our formula for 7}, in terms of T},,, we have

v 1 My
=33 Wl T ) (8.30)
spin
ny v
_o9l (i) 4nfn” 1 (i) 1
= QQS%;(p\Oj P+ =5 QwZ;l(pOj p) - (8.31)

This is the SCET amplitude. The QCD amplitude is

170" (p.q) = <—g;w + qu”> (2, Q%) + ( - ;1“) ( v+ g—;) Ty(z, Q%) (8.32)
Writing this result in light-cone coordinates and using the Ward Identity (¢, L* = ¢, L* = 0), and the
fact that all terms proportional to (7, —n,) = q*‘ become zero upon contraction with L, we have
Q2
T3 = g 1 T1(2, Q) + npy <WT2<x, Q) — T(x, Q2)> (8.33)
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8.1 Factorization of Amplitude 8 DEEP INELASTIC SCATTERING

We refer the reader to [?] for a full derivation of this result. Matching T9CP onto T9CFT | yields the

relations

Zp!O p) = Ti(z, Q%)

Spll’l
Q* 2 2
23 6100 b = (57l @) - T, 0P
spin
which, upon inversion, gives

Ty (x, Z (p| O Ip)

spln

1
_ 1 / dgclxzﬁ-pg,onfi/p(s)+?i/p<£>]

T 2 Z O()| Z 7f)|p

spin spin

o [ e (108(@m6.0) - )27 56,0)) Uipl©) + T (€1

QQ

where in the Breit Frame z = QQ—Q — 9 _ Q \With the definition
pq  wpng  Ap

Hj(z) = C;(2Q2,0,Q, ),

where the hard scale () and the p dependence has been made explicit, we have the final result
o L[ m (€ -
Ti(e.Q) =~ [ de i (2 ) 1@ + Tiple)

4 i -
1o, @) = o [ ac 1) (£) -1 (£)] Uit + Tt
where the sum over ¢ is implicit.

Remarks

(8.34)

(8.35)

(8.36)

(8.37)

(8.38)

(8.39)

(8.40)

(8.41)

(8.42)

(8.43)

e This result represents the general (to all orders in ay) factorization for DIS. As promised we have
the computable hard coefficients H; weighted by the universal non-perturbative PDFs f;/, and f; ,.

e The coefficients C; are dimensionless and can therefore only have a,(p) In(1/Q) dependence on Q.

This result is in accord with Bjorken Scaling.

e The p in H;(p) and fj,(p) is typically called the factorization scale p = 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(u) and for the

EFT coupling C;(p).

e When we consider the tree level matching onto the wilson coefficients we find that Cy = 0 implying

the Callan-Gross relation
Wy Q?

Wo 422
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8.2 Renormalization of PDF 8 DEEP INELASTIC SCATTERING

and that
— 9,22 Q B Q
Ci(wy) = 2e°Q; [(w+ T90) Tie  (—w, —2Q) +ic (8.45)
Hy = —e*Q?% <i — 1) (8.46)

8.2 Renormalization of PDF

(ROUGH) In this section we calculate the anomalous dimension of the parton distribution function. We
define the PDF as

Fu€) = (pal Xu(0) 5 X0 0) o) (8.47)

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

() = [ d' Zie. ) (€ ). (8.49)
The p independence of the bare operators fib‘“"e(f ) yields an RGE for the renormalized operators in MS,
pfilem = [ (€150 (3.9
where
g = = [ €26 s (€ €). (8.50)

At 1-loop we can take Z;;'(&,€") = 6;; 6(¢ — €") + -+ so that
1-loop d 7\ 1-loop
Yij = —Nd*[Zij@af )] (8.51)
m
Computing the PDF at tree level, we obtain

= TUpUn 6w —p~ ) =0(1 —w/p”) (8.52)
R:—/

DS

At the 1-loop level there are multiple contributions the first contribution yields the computation

—(d — 2 l2 2e eVE
- —ig2C’F/ddl PUA=DL - e (8.53)

[12 4 i0]2[(1 — p)? + i0] (4m)°
2 —€
- ﬁip (1—€D(e)e (1 — 2)0(2)0(1 — ) </14> 520
_ O‘SfF (1-2)0(2)0(1 — 2) [216 —1- %ln (A//ﬂ)] (8.55)
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8.2 Renormalization of PDF 8 DEEP INELASTIC SCATTERING

where A = —pTp~2(1 — 2) with 2 = w/p~ The next contribution is given by

real virtual

A, 8q . i, A~
_2292C’F/ (d L n3)2[2( it [5(l7 —w)—0(p” —w)] (8.56)
as(p z —2) (=p ptz—i0\ ¢
OF EVEF [ ((1 — z11+5 ( : p;ﬂ O) (8:57)
~3(1-2) ( M; - lo) RS 6)] (8.58)

We can simplify this result with use of the distribtuion identity.
01 —-2)  6(1—=2)

(1—z)te ¢ +Lo(1—2) —eLi(1—2)+--- (8.59)
where the plus function £, (x) is defined as
Lolx) = [9(”3) ljn("”)] (8.60)
and satisfies the following identities
/O do Lo () = 0, / Lol / do ln;x lo(z) — g(0)]. (8.61)

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
—CFW(’“‘) [{5(1 L) 4 20(2)Lo(1 — 2)) (1 +n _p+p’fz_i0> (8.62)
7T2
—z2Lo(1 —2)0(z) + 6(1 — 2) <2 — 6)] . (8.63)

The last conrtibution to the renormalized PDF is the wavefunction renormalization of the external
fermions.

. asCr 1 1 1 u2
Fig)=61—2)(Zy —1)= —— | —— — =~ — = In(———||d(1— 8.64
i9() = 81 2)(Zy ~ 1) [ 0(Seep)|on-0 e
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 = CFC:F(“) [{25(1 — 2) + 20(2)Lo(1 — 2)+

1— 1 2
+ ( z)ﬁ(z)ﬁ(l - z)} ( +1In ,u0> + finite function of z]
€

2 —prp %
s 1/1+22 1 2
_Cra G | L1tz - +1In Mi_ + - - - finite function of z (8.65)
T 2\1-2/), \e¢ —ptp=2z;0

Determines Z;ZIIOOP
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If we let the total momentum of the hadronic state be p~. Then define p~ /p~ = . So that
w &

z=—=2—== 8.66
p= &pm ¢ (8.66)
Then our Zgg°°" becomes
} 1 os(p) 1+ 22
1-loop __ . - _
232 = 5(1— ) + ~ =5 B Cp0z001 z)<1__z)+: (8.67)
And usng
d d
=z el - _9 )
Vij Md,u ij (2, 1), MdNQS(:“) eas(py + Blovs(p)] (8.68)
we then obtain the our final result
Crasp (& — €01 —¢') (1427
Y9q(§,€) = (8.69)
4 T & l—2z /),

which is the Aliterelli - Parisi (DGLAP) quark anomalous dimension at one-loop.

8.3 General Discussion on Appearance of Convolutions in SCET; and SCETy;
9 Dijet Production, efe™ — 2 jets

(ROUGH)

The production of jets at an eTe™ collider has historically been very important. Measurements of
various jet 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 e*e™ 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:
> 1pi - it
> il

T = maxy,
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9.2 Factorization 9 DIJET PRODUCTION, EtE~ — 2 JETS

The sum over i runs over all particles in the final state, and the direction 7ip is called the thrust axis. To
fully understand this equation, let’s first ignore the max,, 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

T=1-T (9.2)
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 = (1,7ir), nt = (1, —7ir) (9.3)
Using this definition, we can write

Q—ZieRn‘pi _ZieLﬁ‘pi
Q
Dier™ Dit D icp oD
Q

=T

9.2 Factorization

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)

Z—: = %122 Z |M(ete™ — X)\2 (21)46% (¢ — px)o(T — 7(X)) . (9.4)
X

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

To obtain the expression in SCET, we need to match the full QCD matrix element onto operators
in SCET. As was already discussed in Section Since we only consider final states with energetic particles
collinear to either the direction n* or n*, the appropriate operator in SCET is

Onn = Xal'Xn (95)

where x,, is the gauge invariant quark jet field introduced in (6.20) and I' is a Dirac structure that describes
the production of a ¢g field from a v/Z boson. Thus, the matching from full QCD onto SCET can be
written as

M(e+e_ — X) = Cpni (0|0pnz| X) (9.6)
such that we can write
do 1
ar 202 D 1Cun2 D 1(010ms] X)) (2m)*6% (g — px)6(r — 7(X)) (9.7)
n X
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9.3 Perturbative Results 10 SCET II

d _
7072 = 0oH(Q, 1) /dﬁdl Jn(M2 — QUT) Jn (M — QI7,) SUH,17) (9.8)
dMQdM 7“ hLL
9.3 Perturbative Results

9.4 Results with Resummation
10 SCET 11

(ROUGH) When soft gluons interact with collinear particles, the resulting particle has momentum
Q(A, 1, ) and is therefore off the SCET mass shell.

qd=qs+qc~ QN 1,\) — @ =Q%*\>> (Q)\)2 (10.1)

Consequenlty, these offshell particles can be integrated out of the theory. Analogous to our definition of
the ultra-soft wilson line, we can define a soft wilson line S[n- A,] resulting from integrating out the offshell

particles.
1
=[5 e (-atpn )
perms

Aslo, similar to the usoft case, gauge invariance restricts the placement of factors of S in operators. For
example, we use our canonical heavy to light (soft to collinear) current. under soft and collinear gauge
transformations, the fields transform as

(10.2)

soft: hy — Ughy, Enp = Enp (10.3)
collinear: h, — hy, Enp = Up—Q&nQ (10.4)

The fact that our standard current J = EmanF“hv is not gauge invariant under the soft transformations
suggests that it is an incomplete description of the physics of this process. We can make this current soft
gauge invariant by including the soft Wilson line. The soft Wilson line S,, transforming as

Sp = UsS (10.5)

makes the current
J =¢,,WI"STh, (10.6)

gauge invariant. We may also build up this current by a diagrammatic analysis. Necessary to the procdure
is the fact that only n - A,s component of the usoft gluon builds up S (EXPLANATION) and only the
n - Ap 4 component of the collinear gluon build up W. The simplest diagram for soft- collinear coupling,
where collinear and soft gluons take the quarks off-shell is given in

Diagram.
This diagram yields the current

nt*  nY -
Fig () = —¢? — & T°T'T°h,. 10.7
1g () g n - qs 7 - chn,q v ( )

But we have a probelm. This current appears to have the color factors a and b in the wrong order. With
a representing soft gluons and b representing collinear gluons this current appears to be derived form the
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operator gmpSTF“WhU which is not equivalent to (10.6) because S and W do not commute. This apparent
problem is solved by considering the remaining two diagrams of the same order as this one

Diagrams.

These diagrams both yield the current

2 o =
. . 9 aberme MDY =
Fig() = Fig() = 5 ifebert —— —— Enplho- (10.8)

n-q*n-qe

Adding the three graps together, revereses the order of the color indices (by virture of [T¢, T?] = if%°) to
give
: : : 2 nt n’ - b a
Fig() + Fig() + Fig() = —g¢ ——&, I TTh, (10.9)
n-qgsn-4ge

which is the correct ordering for the gauge invariant current in (10.6). This procedure can be extended to
all orders as in ( Refererence).

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 SCET; is

1. Match QCD onto SCET;
2. Redefine fields with the usoft wilson line Y;, so that usoft interactions are only present in currents

3. Match SCET; onto SCET;; by taking Y, — 5,.
As an example of the above procedure we may construct the SCET; current postulate above.

1. Matching QCD onto SCET}

J=ul*b — Jr = (§,W)I'*h, (10.10)
2. Redefining fields so that usoft interactions are only present in currents
Jr = EOwWO)pryth, (10.11)
3. Matching SCET; onto SCET [ by taking Y,, — S,.

Jir = EOwWO)rugty, (10.12)

11 SCETy Applications

(ROUGH) In this section we will apply the SCET; formalism developed in previous sections to various
processes to illustrate the formalism

o vy -l
e B— Dr

e The Massive Gauge Boson Sudakov Form Factor

e pr distribution in Higgs production
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11.1 %y — 70 11 SCETy APPLICATIONS

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.

11.1 y*y = 7°

11.2 B — Dr

(ROUGH) As another exclusive scattering process, we analyze B — Dm. We may use the SCET frame-
work here because the hard scales @ = {my, m¢, Ex} > Agcp. At the scale u ~ my the QCD operators
represented by the weak Hamiltonian are

4GF

Hy = =V, — =V Vab|C§ (10) O (110) + C§ (110)Os (110)] (11.1)

where
Op = [5’}/“PL[)] [E’}/MPLU] (11.2)
Og = [ey" PLTb)[d, PrLTu]. (11.3)

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 SCETy; to describe this process.

First, matching the QCD Hamiltonian onto SCET we need the operators

5,5 _ [E(C) 15h ]K WFZCO(P+)WT§ ] (11.4)
L5 = mIrkoren® ) erca;(m)T“W* ] (11.5)

where F}ll =3, F% = %75 and I'; = %(1 —75). Note that the two operators Og and Og can both produce

any of the Qé”% operators. Now, implementing field redefinitions to factor usoft effects (remember we can
start with SCETY to derive SCET]; results) we have

fn,p = Yfﬁ%
W =ywOyft

These redefinitions are easily implemented in Q(l)’5. They simply take
£ WI,Co (P )WTelm] — EDOWOr,co (P )W @i ©) 11.6
[Enp WEICo(PL)WTED] = [§np 1Co(PL)W f ] (11.6)
where we used the fact that Y commutes with the wilson coefficient Cy(P,). This argument cannot be
applied to Q}f because Y, containing generators of its own, does not commute with T%. However, by

making use of the color identity
CQYITY = YTV @T" (11.7)
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then we may move all usoft wilson lines into the usoft part of the operator yielding

L5 = BTy Ty th®] B9 W cy (P )T w e, (11.8)

v v n,p n,p

Matching this SCET; result onto SCETy; by the replacements Y — S and £ — ¢, W(©) — W, we have

—(c =(d D u
= A )F}L’5h§,b)] [52,) WTCo(Py)WTE)] (11.9)
L5 = BTy Ty th®] B W Cy (P )T w ). (11.10)

Now, taking the matrix elements between the appropriate hadronic states we have
. 1
(7, | €, WT Co(PL)WTE, 0) = ;f,rEﬂ/ dzC(2E;(2x — 1)) ¢x () (11.11)
0
(Dymy, | hThy |B) = N'&(wp, ). (11.12)

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)én (. ) + O(A/Q) (11.13)

where &(wp, 1) is the Isgur-Wise function at maximum recoil and

2 2
= D 11.14
wo omp ( )

This result also applies to other B decays such as
B 5 Dtn, B~ D*tr—, B - Dtp~
B = D%, B~ — D, B’ = Dtp-
11.3 Massive Gauge Boson Form Factor & Rapidity Divergences

11.4 pr Distribution for Higgs Production & Jet Broadening

12 More SCET; Applications

(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 SCET}). In particular we will consider

e B — Xgv

e Drell-Yan pp — [T~ X: inclusive, endpoint, and isolated factorization theorems
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12.1 B — X,y

(ROUGH) In this section we treat the incluzive weak radiative decay B — Xyvy. This decay is defined
by the effective Hamiltonian
4Gf % € —

H= *WthVQSC?O% Or = mesawF“”PRb (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. ¢, = E n,.

The photon energy spectrum of the decay is

1 dl'  4E, [ 1
(2 ) mT(E 12.2
TodE,  m} ( w) mT(E) (122)
where )
T(E,) = mib / d'ze™' (B,| TJ}(2)J*(0) |By) (12.3)

Is the forward scattering amplitude with EM current J,, = Sio,,,,q” 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 =vp—¢" (12.4)
my _ _
= T(HH + ') — Eynt (12.5)
Ak ok
= My + —(my, — 2E,). (12.6)
2 2
Defining our endpoint region by
myp
b~ By < Aqen (12.7)
gives us a mass squared scale of
A
ph = mpA = mi— = mi\? (12.8)

my

where in the last line we took A = 4/ 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

A

1 dI’
ra = Hlm) [ TS ) O 2B, ) (12.9)
o dE, 2B, —my,

where H(my, 1) 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 = — B, PEHPLom)e (PN Wk Prh, (12.10)
= —B,C(my, )&, , W, PLhy (12.11)
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121 B — Xgv 12 MORE SCET; APPLICATIONS

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

4F
%T(E’y) = H (my, /‘)Teff(Ew 1) (12.12)
my,
where
Teff:i/d x eilmvs —a) “(By| TJ(%) et | Bo) - (12.13)
This gives us a hard amplitude of
IR

b

Next, we decouple usoft gluons from collinear fields by implementing the standard field redefinitions
Enp = YEQ) W Y wOYT (12.15)
thus giving us a new effective current:
gt = WO Py Ty, (12.16)

Substituting this result into (12.13) gives us

Teg = i/d4xe (my 5 —q)- <B ‘T [h YPRny-W(O)Tg (e )[EEL?;W(O)ViPLYThU](O) ‘§U> (12.17)
/d4 / d4k oi(mp 5 —q—k)- “(By| TlheY(x) PRy, T/LﬂpL[YTh 1(0) | Bo) Jp (k) (12.18)
/d4 / d4 ci(me —q—k)-x *(By }T[EUY](Q;)[YTtho) |B.) Jp(k), (12.19)

where we defined

i [yt OI TV @ELW 1(0) ) (1220)

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 &, we may
do the £~ and kT integrals thus putting = on the light cone

Teg = ;/d‘ler(mbz —-q) H(xT)o(x /d 1 —7k+z BU’T[EUY](x)[yThU](O) ’§v> Jp(k‘+)
= ;/dk+Jp(k+)/de 2By —mp+kT)z <B ‘Th Y] < )[YThv}(O) ‘§U>. (12.21)
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Focusing on the heavy fields, we may then define

1 dex— _i = 5 — n _ _
S(kT) = 2/4ﬂ_e 3l" <BU|T[hUY](§x )[YTh,)(0) | By) (12.22)

1 dz~ —irte— T 2011 T n

=5/ 3" (By| Te® 2[R, Y](0)[Y Thy](0) | By)

=5 [ S (B TR0 3 0 [B)

= % / %_e*%”f (B,| Th,Ye 5 ™%vh, [B,)

-y [ @ o B

= %@U\Evé(m - Dys — U")hy | By). (12.23)

The Soft function S(k™) is non-perturbative and encodes information about the usoft dynamics of the
B meson. (12.22) shows that we may interpret this result as giving the probability of finding a heavy
quark b inside the B meson carrying a residual momentum of k*. Defining J(k*) = —1ImJp(k™) and
using(12.12),(12.21), (12.22) in (12.2), we have the final result

1 dr A
——— = H(my, ) / dat Sty  JIT+my —2E,) (12.24)
Lo dEw ~——~— J2E,—m, S—~—
p?~m? Hard p2~A2 Usoft  p2~myA Collinear

12.2 Drell-Yan: pp — X171~

(ROUGH) Our final example will be the Drell-Yan (DY) process pp — XIT1~. This is a protype LHC
process. The kinematics of this process can be described by the following set of equations.

pA+pB=px +4q (12.25)
E?. = (pa+pp)* Collision Energy (12.26)
¢ : Hard scale of the problem (12.27)
r=¢*/E?, <1 (12.28)
1 .
Y = 3 In <pb q) Total lepton rapidity (angular variable) (12.29)
Pa " q

And the analogs of the Bjorken Variables from DIS:
Tq =VTeY, xp=+Te Y, (12.30)
where 7 < z,;, < 1. We study this process int three distinct energy regions

Inclusive: 7 ~1 pg ~ g~ Efm Tap~ 1, Lo o~ 1
‘Endpoint: 71 p2<<q¢® = E2, Zap—1, &p—1 (12.31)
JIsolated: 7 —0 p?s >> q2 ZTa b — 0, & — 0

We now analyze these specific processes in detail.

Inclusive In this case this process represents an SCET; problem of hard-collinear factorization. we have
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12.2 Drell-Yan: pp — X171~ 12 MORE SCET; APPLICATIONS

a 4-quark operator in SCET, which after a Fierz Identity becomes,

(&) S W iE NG E Wi (12:32)
Remarks:
e 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
(Pul [Xnwo Xnw | IPn)  and  (pa| [Xaw

2 %Xﬁ,w | [pr) (12.33)

2

are defined as PDFs. These PDF's contribute to the differential cross section for this process:

1 d a d 1nc a
o0 dq2dY Z/ fa éb I(Z ?,q u) fi(€a, 1) f5(&bs 1) (12.34)

140 (A\C;%L))] . (12.35)
q

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.

Threshold Limit In the threshold limit only the terms of Hg;ld most singular in 1 — 7 contribute.

~ T
e o sl |V (1 ) g 0k 00 - ) (1230
aqb
where i, j = i, dd, . ... The interpretation when we take §a,b — 1 is that one parton in each proton carries

all the momentum. This is not the dominant LHC region.

Isolated DY The isolated case of DY allows forward jets to carry away part of Ep, so §,p — 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: pxy = B, + B,. There are two
hemispheres perpendicular to the beam axis.

Bf =nq-Bo=) na-pk (12.37)
kea
= Z Er(1 + tanh Yy,)e ¥k (12.38)
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@l << Q (12.39)

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
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differential cross section for this process can be written as

1 + kOB lw. (B — 1+ + ot
o0 dqdedB+dB+ Z /dk dk Q [ ( a ka ),$a,M]Bj[Wb(Bb - kb )71.177”]
A \ Ba a
X Sz hemi(k(—z’—> kjlj? :u) 1+0 QCDa b (1240)
Q Q
where wgp, = g pEem andB; is defined as our ”Beam Function.”
A_ O(w dy~ . n _ .
Bl i) = 2 [ U702 50y 30 = P SO pa0) (1241

We recll the definitions of jet function

(O Ko™ )2 0)1 10 (12.42)
and pdf

0 %, (0) (0] 1) (12.43)

We see that the Jet Function is a mix of both. The proton is a collinear field in SCET;; and the jet is
collinear in SCET;. Matching SCET; to SCET;; gives us
A2
140 < QtCD>] (12.44)

Bi(t,z,p) = Z/ t, ,M)fg(§7 #)

b= (€ — &) Eem 2 @ b*"“ - (12.45)

At tree level the Beam Function is simply

Bi(t,z,p) = 6(t) fi(z, p) (12.46)

as in the pdf case we can write the RGE for the beam function
d
H@Bi(ta%ﬂ) = /dt’%(t —t W) Bi(t', x, ) (12.47)

Like the jet function B; is independent of mass evolution. The RGE sums In?(t/u), is independent of x
and has no mixing.

A More on the Zero-Bin

A.1 0-bin subtractions with a 0-bin field Redefinition

A.2 0-bin subtractions for phase space integrations
B Feynman Rules with a mass
If we add a mass the collinear Lagrangian becomes

£ = &0(a) [in-D + (L —m) i+ m)| Beuta) (B.1)

and the modified Feynman rules are shown in Fig. 12.
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(pvpr) _ ’L% n-p
2 n-p,n-p+ p2 —m2+ie
w,A
2 i
% = igT4 Ny 5
,,,,,, ——
€ / €L / A
. A Vu (¢l+m) (ﬁl m)’}/u _ (ﬁﬁ_—m)(lﬁj_'f'm)— zi
—igT [nu + i + A Fp i Nyl 5
ig? TATB Vi (Putm) _ ! v 7 ! M) 5 5
_ e {Vj’yi O ity e )nun,,}
ig>TBTA | 1.1 v (pitm) (FL—m)vir — (FL—m)(poitm) - —
. + Z%,(q_i_p/) |:’VV Yo — ’yﬁ—;nﬂ - lﬁ.p/ =n, + J_;,?;ﬁ.;/ My

Figure 12: Order A° Feynman rules as in Fig. 6, but with a collinear quark mass.

C Feynman Rules for the Wilson line W

Results for the Feynman rules for the expansion of the W Wilson line are also useful

TA_- A
T L ()
n-q
TAf' A
wit— 1 9 o
n~q

I

where here the momentum ¢ is incoming and 6;? is the gluon-polarization vector.

D Feynman Rules for Subleading Lagrangians

(C.1)

In this subsection Feynman rules are given for the subleading quark Lagrangians involving two collinear

quarks
) (Fw) s 1 . - 1 ]
Leg = (&W) il (Wil 56) + (i W) il (W15 60)
_ 1 3 1
Ly = ()il ——i us?(WTSn)Jr(gnupiW)n.PQm
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D FEYNMAN RULES FOR SUBLEADING LAGRANGIANS

and for the mixed usoft-collinear Lagrangians from Eq. (77?),
1 1
L:éq) = fnﬁzgﬁﬁuns + h.c. y
2 1

) = fﬂuza 9B W gue + hc. (D.2)

(in )

involve at least one collinear gluon. From E(

(4)

All Feynman rules for L'£ )

we obtain Feynman rules with
zero or one A gluons and any number of 72-A4,, gluons. The one and two- gluon results are shown in Fig. 15.
For Ega) we have Feynman rules with zero or one {n-A,,, A} gluon and any number of i-A,, gluons. The

(20)

one and two-gluon results are shown in Fig. 16. Finally, for £€ , one finds Feynman rules with zero, one,

or two A:- gluons and any number of 72-A,, gluons. In this case the one and two gluon Feynman rules are
shown in Fig. 17.

Finally, for the subleading terms in the mixed usoft-collinear gluon action we find

Ly = ;tr{[mg,wcﬂ] [z‘Dou,WiD;VWT]}, (D.3)
L2 = ;2 tr{ [iDly, WiDt¥ W] [iDoy, WiDL, W] }

+912 t{W iDL, iDL )W [iD%,, iD%) | + i? tr{ [iD}in- D] [i Doy, Win- Dus W] }

+gl o [WiDLw,iD ] [iDg, Wi, W1},

where iDjj = iDH + gAl,.

84



D FEYNMAN RULES FOR SUBLEADING LAGRANGIANS

Bpr) (1) B
— P T
e ot Cot S AT
w,A
9 Z g H
3 — oAl 2P
§ = 19T 2 np
=
,,,,,, —
p
Z | ALl Lol _ _ _ _
— oAl " + U v R U e L) o AR e
2 np np n-q NP n-qn-p n-qn-p n-qn-p

7:2 A mB
:&ghﬁ;...]

i TETA | 11
+ 4 5{%7%&

(1)

Figure 13: Order A! Feynman rules with two collinear quarks from Eé .
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(ﬁvpr) (2) 2
— ’L% Pr1
== X--> - 2 np
w,A
9 - Ly 11,2
= — oAl | 202" MpY
§ W5 | T (n-p)?
,,,,,, - R
JA - | _ _ _ _ _ _ _ _
u — o TA 7 ntp? o nhpl? o ’Yf[}fﬁ_n'Pr o zﬁﬂﬁf{n'l)r _ atglpinp, + atpl pLnep,
952 Tap np/ (np)? (np’)? n-q(n-p)? n-q(n-p’)?
,,,,,, ),,,,,, ,,,,,),,,,,,,
!
p p

Z'2 A B
Z&%{ﬁvi---]

ig?TETA |11
+g—§|:fyyfy'u...:|

Figure 14: Order A? Feynman rules with two collinear quarks from Eé?.

w.a
. a 1 _ %h
(q, t) = ’lgT |:f)/,LL — nu ﬁ_q i|
(p. k)
__)___
) v,b
Wn.a o TbTa |:ﬁ,u,ﬁ/l/ﬁl 1 :|
— 197 — — — ’}/V nu
(41, ty) (4, t2) n-qx n-p
______ TaTb 7, 1L
X +ig® — {n“n L —ﬁm}
n-q2 n-p

(1)

Figure 15: Feynman rules for the subleading usoft-collinear Lagrangian Egz
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

D.1 Feynman rules for J,

Here we give Feynman rules for the O(\) heavy-to-light currents J1%) 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 J1® and J(®) are shown in
Figs. 18 and 19 respectively. (From the results in the previous sections the Feynman rules for the currents
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u,a
— n,n-t
B
(p, k)
__)___
TR v,b
s) _g2fabcTc 77L -
@9 S = — 5
@ n-q 2
S (K
__)___
ab .
w.a v,b ngjj T [—”uﬁu+ﬁuﬁun (t‘l+t2)Vi
n-qo n-p 2
(491, t) (95, t2) = ,
o, TP o n(ti+t)] 7
______ 2 _ K
> o +1ig " [ nyNy, + Nyuhy A }2

Figure 16: Feynman rules for the O(\?) usoft-collinear Lagrangian Ega) 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; ~ A?. Note that the
result is after the field redefinition made in Ref. [?].

u,a
T 77‘ 1 = Qi
(q, 1) = W-—3 [fh% — M —q]
(p, k)
__)__
w.a v,b TaTb 1=
, L _ _ Y T fl21
ig* z [ﬁﬁ - g_p(ﬁnuﬂinu) R
(4. 4) (4. t)  _ 2 2
(p. k) T gt PLoy i b t
+n,un1/<(n.p)2 + npii-go + [(a,,u, q1, 1) A ( yV, 42, 2)]

Figure 17: Feynman rules for the O(\?) usoft-collinear Lagrangian Eglb) 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; ~ A\2.

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(% the coefficients depend on how the momentum is divided
between the quark and gluons. The J(1®) current has non-vanishing Feynman rules with zero or one AL
gluon and any number of fi- A,, gluons. The possible gluons that appear in the J1?) currents are similar,
but the current vanishes unless it has one or more collinear gluons present.
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(la)
J d pLT(d)a
—® >y = —iBYmp)

(0. k) Ao
](la) — L Aan(d)a
T n*p> Y,
>R = i BYn.(p+q) 9L y@e ol
> ) ( ) ﬁ'(p+q) 7 ’fL-q
@,
u,a

Figure 18: 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 ~ A\?. Momenta with a hat are normalized to my,

p = p/my etc.

w,a

Figure 19: 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.
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E Integral Tricks

Feynman parameter tricks:

1
a ol = / dz [a+ (b— a)nv]f2 (E.1)
0
1 n—1 _ m—1
g < ToEm), [y, a0 )
I(n)l(m) Jo — la+ (b—a)z]+m
1 11—z 3
a_lb_lc_1:2/dx/ dy [c+ (a—c)z+ (b—c)y]”
0 0
1 1 3
=2 [ dz [ dy z[a+ (c—a)z+ (b—c)zy]
0 0
1 -n
al_1~--a;1 = (n— 1)!/da:1---dxn 5(23:1 — 1) (inai>
0
- (- ms) /1 -n i—1
a™ .. gmn) Tl = dxy---dxy (5( T — 1) ( wiaz) "
(ay ) T(my)-T(mn) Jo Z Z H i
To get the fourth line from the third we let 2’ =1 — 2z and ' = y/x.
Georgi parameter tricks (when one or more propagators are linear in loop momenta):
(E.2)

a by :/ dX [a+ )]
0
a b :q/ X [a+bA] Y :2q/ dX [a+2bA] M
0 0

o 2?T'(p+4q) /Oo 1 —(p+q)
a9y P =" d\ NP7 |a + 2b)
TOr@ o [o-+202]

a bt = 2/ dNdN [c+aX +b)] 7 = 8/ dXdX' [c+ 2aN + 2bA]”
0 0

3
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F  QCD SUMMARY

F QCD Summary

The SU(N.) QCD Lagrangian without gauge fixing

PP —m) — 4 G, G, G, = 0uAL — 0, A5 — gfAPOAT AT  (F.1)
D, = 0, +igAsT™, [Dy., D,)] = igGih, T4
The equations of motion and Bianchi
(P —myp =0,  "Gh, = gf*PCAPGS, + gy, T4, ¢ (D,Gy)* = 0. (F.2)
Color identites
TATA — O0p1 FACD (BCD _ (v, 5AB. FABOTBIC _ % CuTA.
TATBTA _ (CF C2A>TB JABC JABC _ 4730 ’ JABC JA'BC _ g(sAA/ , (F.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

548 1 i 1 1
TATB — 1 *dABCTC M ABCTC TA . TA — 5 5 L 55 . F.4
TNC + 5 + 2f 5 ( )zg( )ké 9 ilOk;j 2Nc ij Okl ( )
Feynman gauge rules, fermion, gluon, ghost propagators, and Fermion-gluon vertex
. . HV(SAB .
_prm) sl L g (F.5)
p? —m?2 +1i0 k2 +i0 k2 + 0

Triple gluon and Ghost Feynman rules in covariant gauge for {A,‘:‘(k),Af (p),Ag(q)} all with incoming
momenta, and & (p )AB ¢© with outgoing momenta p:

— g g (k= p)? + g (p — " + 9" (q — k)", gf 4 Pept. (F.6)
Triple gluon Feynman rule in bkgnd Field covariant gauge L,y = — (Dﬁ‘@;‘)2 /(2€) for {Aﬁ(kz), Q5 (p), Qg(q)}
with Aﬁ‘ a bkgnd field:

ABC v q\Pr v DY
— g4 [9“ (k—p—g) +g’)(p—Q)“+9’)"(q—k+g)]- (F.7)
Lorentz gauge:
_ (941 yon i o
L= D (k) = g (9 = (1= 975 ) (F.8)

where Landau gauge is £ — 0. Coulomb gauge:

= 2 —i (7K kH + gHOKOKY — kHEY]
A=0 D* (k) = H — = ,
v ’ (k) k% +10 < k2
; ; R 8]
Dk d D (k L (s - 5. F.9
(k) = B2 0’ (k) = k2+’LO( kz) (F.9)
Running coupling with Sy = 11C4/3 — 4Trns/3 =11 — 2nys/3:
0 110) om L1 By
as(p) = = , = 4+ —In—. F.10
) Basuo £ oln o)~ i) T2 Mg (F-10)
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