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Abstract

We investigate theoretical expectations for B-meson decay rates in the Standard
Model. Strong-interaction effects described by quantum chromodynamics (QCD)
make this a challenging endeavor. Exact solutions to QCD are not known, but an
arsenal of approximation techniques have been developed. We apply effective field
theory methods, in particular the sophisticated machinery of the soft-collinear effec-
tive theory (SCET), to B decays with energetic hadrons in the final state. SCET
separates perturbative interactions at the scales m; and /mpAqep from hadronic
physics at Aqcp by expanding in ratios of these scales.

After a review of SCET, we construct a complete reparametrization-invariant
basis for heavy-to-light currents in SCET at next-to-next-to-leading order in the
power-counting expansion. Next we classify Aqcp/ms corrections to non-leptonic
B — M; M, decays, where M 5 are charmless mesons (flavor singlets excluded). The
leading contributions to annihilation amplitudes as well as the leading “chirally en-
hanced” contributions are calculated and depend on twist-2 two-parton and twist-3
three-parton distributions. We demonstrate that non-perturbative strong phases in
annihilation are suppressed. Using simple models, we find that the three-parton and
two-parton terms have comparable magnitude, both consistent with the expected
size of power corrections. Finally, we present a method for determining |V,;| from
B — 7y data that is competitive with inclusive methods. At large ¢2, the form factor
is taken from unquenched lattice QCD. At ¢? = 0, we impose a model-independent
constraint obtained from B — 77 using SCET, and the form factor shape is con-
strained using QCD dispersion relations. Theory error is dominated by the input
points, with negligible uncertainty from the dispersion relations.
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Chapter 1

Introduction

1.1 The Standard Model

In the 20th century, it became clear that the sub-atomic world required a radical
departure from the classical physics of daily life. Special relativity, important for large
velocities, redefined the relationship between space and time. Quantum mechanics,
important for short distances, had particles acting like waves and energy coming only
in discrete nuggets, or quanta. Quantum field theory (QFT) incorporated both of
these advances into a single mathematical framework. In such a theory, fields replace
particles as the basic building block, and particles emerge as quantized excitations
of those fields. This representation formalizes in a natural way the wave-particle
duality and indisinguishability of elementary particles that had puzzled physicists for
decades.

By the end of the 1970s, a coherent theoretical picture had emerged. The Standard
Model (SM) of particle physics, a QF T, built all matter from a relatively small number
of elementary particles: six “flavors” of quark (up, down, charm, strange, top, bottom)
which can interact via the strong force, and six leptons (e, y, 7, e, v, ¥-) which
feel only electromagnetic and weak forces. Interactions! derive from a symmetry
principle, local gauge invariance, a simple mathematical statement with far-reaching

consequences. By the 1990s, predictions of the Standard Model had been verified by a

!Gravity, negligible for the processes described in this thesis, is not included in the SM.
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multitude of experiments probing energies over many orders of magnitude. The sector
of the theory governing quark flavor transitions through weak interactions, however,
was still poorly constrained, and theoretical tools for understanding the influence of

strong interactions were still being developed.

1.2 B physics

Quark flavor transitions can be studied by observing weak decays of hadrons. Since
the late 1980’s, the CLEO collaboration at the Cornell Electron Storage Ring has
been measuring decay rates of D mesons, c¢g bound states, and B mesons, b bound
states, where ¢ is a light quark. As the lightest charmed and bottomed hadrons,
respectively, these mesons can only decay through weak interactions.? For the last
decade, the B factories, Belle at the KEK facility in Japan and BaBar at the Stanford
Linear Accelerator Center in California, have produced B mesons in abundance. All
three of these experiments exploit an efficient and effective B-production mechanism.
Accelerated electrons and positrons annihilate creating a new fermion anti-fermion
pair. The center-of-mass energy is tuned to the rest mass of the Y(4s) bb bound state
such that when a b and a b are created, they hadronize into this bound state. The
Y(4s) decays almost exclusively (>96%) via strong interactions to a B meson and its
anti-matter counterpart. Half the B pairs are charged, B*B~, and half are neutral,
BOYB®. The B factories have created a billion BB pairs from more than an inverse
attobarn of total integrated luminosity between them.

The stated primary goal of the B factories and the inspiration behind their inno-
vative design is the investigation of C'P violation. Until 1964 it was widely assumed
that the combined operation of charge conjugation C, (exchanging particles and anti-
particles), and parity P (spatial inversion) was an exact symmetry of nature. Then
Cronin, Fitch and collaborators observed that CP is only an approximate symme-
try of the neutral kaon Hamiltonian [65]. C'P violation can be even more dramatic

B decays, and can manifest in several ways. The easiest type of C'P asymmetry

2The top quark, with a width I'; ~ 1.5GeV, decays too quickly to hadronize.
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to understand conceptually is direct CP violation when the rate for a certain de-
cay differs from the rate for the C'P-conjugate version of that decay. For example,
Agr = —0.113 £ 0.020 (world average by the Heavy Flavor Averaging Group [91])
tells us that the rate for B® — K+r~ is larger than the rate for B® — K~7* with a
statistical significance of more than 5.5 standard deviations. The rates would be equal
in a CP-symmetric world. Many such direct CP asymmetries have been measured

independently by CLEO, BaBar, and Belle in both charged and neutral B decays.

The B factories have a compelling design advantage over CLEO for measuring C P-
violating observables. Asymmetric energies for the electron and positron beams mean
that the T'(4s) rest frame is boosted and time-dilated relative to the lab frame. B’s are
naturally long-lived because they require a flavor-changing weak interaction in order
to decay. With the boost inherited from the parent T(4s), the B’s travel measurable
distances, several hundred micrometers, before decaying. The decay products can be
traced back to the point in space and time where the decay occurred. This additional
piece of information allows the B factories to measure so-called time-dependent C'P

asymmetries.

CP-violating observables only constitute a fraction of the measurements made by
CLEO and the asymmetric B factories. The large b-quark mass opens a plethora
of decay modes. The relatively clean environment of a lepton collider, together with
high luminosities and an efficient production mechanism, has allowed a truly amazing
variety of C'P-averaged B-decay rates to be measured or bounded (23 pages worth,
more than 500 modes, in the most recent Partcle Physics Booklet extracted from the
Review of Particle Physics by the Particle Data Group [140]). Rare decays such as
B — K*y, B — X,v, and B — X /¢, do not occur at tree level in the Stan-
dard Model. They proceed through an electroweak loop and could receive significant
contributions from “new physics,” i.e. particles and interactions not included in the

Standard Model.

Semi-leptonic decays with b — cf¥ or b — ufi at the quark level are an un-
likely place to see CP violation or evidence for new physics, since in the SM they

are dominated by a single tree-level weak transition. This simplicity of semi-leptonic

11



decays benefits a major goal of the B factories: measurement of entries in the unitary
Cabbibo-Kobayashi-Maskawa (CKM) matrix that parametrizes the strength of inter-
actions of quark currents with the charged weak bosons [105]. Exclusive B — D®)¢p
and inclusive B — X U, where we sum over hadronic final states with net charm
1 (e.g. D, D*, Dr...), both provide an accurate determination of |V;;|. Similarly
B — X, gives our best direct measurement of |V,;5|, which is one of least-constrained
CKM parameters. A model-independent method for determining |V,;3| using B — wéw
constitutes part of the original work presented in this thesis.

The question for theorists is whether the Standard Model, with a single value of
its input parameters, is consistent with the observed pattern of C'P violation and

C P-averaged decay rates.

1.3 Quantum chromodynamics

The goals of the B-physics program emphasized in the previous section, measurement
of CP violation and weak mixing parameters, with a chance of new physics, are
often cited as the reasons why one should be interested in (and fund production of)
B’s. Far less often are B decays recognized as an exceptional laboratory for strong
interactions. For, within just a few years of the first proofs of asymptotic freedom
in quantum chromodynamics (QCD) in 1973 [131, 89|, it was widely accepted as the
correct QFT for describing the strong force. There is now overwhelming evidence that
this is the case, and as the saying goes, “Yesterday’s sensation is today’s calibration
and tomorrow’s background.”® For many, QCD’s tomorrow is today. Certainly a
quantitative understanding of strong-interaction effects is required to extract short-
distance physics from collider data. Understanding QCD, however, is a worthwhile
and interesting endeavor in its own right, and the decays mentioned in the last section
can be reinterpreted in this context.

CP violation results, in the Standard Model, from a single complex phase in the

3This quote is most often attributed to Richard Feynman (see [116] for example), but Ikaros Bigi
credits Valentine Telegdi [41].
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CKM matrix. A physical observable, however, depends only on the magnitude of its
quantum mechanical amplitude. Direct C'P violation, for example, requires not only
that the decay proceeds through two or more paths with differing weak phases, but
also that those paths have differing strong phases. (See the BaBar Physics Book [93]
for a review). We need a detailed understanding of strong-interaction effects in CP
violating processes in order to make quantitative statements about their consistency
within the Standard Model. This is particularly challenging since with rare exception
(e.g. B® — K*(892)%y), CP violation has only been observed in channels with both a
hadronic initial state, ¢.e. B, and a final state composed of hadrons. The resounding
success of the Standard Model encourages us to reverse this line of reasoning: assume
that the CKM phase is in fact the sole source of C' P non-conservation and then these
observables test our understanding of the strong force. This is the philosophy with

which B decays to two light mesons are approached in Chapter 4.

Any claim of new physics in rare decays requires an accurate SM prediction, in
particular, of QCD effects. B — X,v has not shown signs of new physics, but it
does provide information about the B-meson shape function, which describes the
probability distribution of b-quark momenta inside the meson. Using effective field
theory, knowledge of this shape function can in turn be used to extract |V,p| from
B — X,fv data (see Lange et al. [109] for a recent analysis). This value of |V,
can be compared to the value extracted from B — 7fP with the B — 7 form factor
normalization taken from lattice monte carlo simulations of QCD [127, 73]. The
weak physics of these decays is well-understood, and we view the consistency of these
determinations as a validation of the theoretical techniques used to calculate the
strong interactions. Similarly, [V| from B — Dfv and from B — X {7 can be
compared as a check on the QCD tools used in those extractions (at leading order,
heavy-quark symmetry and quark-hadron duality plus an operator product expansion,
respectively [125]). The primary theoretical technique applied in this thesis, effective

field theory, is outlined in the next section.
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1.4 Effective field theory

It is not known how to find exact solutions to the Standard Model. Instead, each
prediction is expressed as a power series in a number of small expansion parameters:
gauge coupling constants and ratios of energy scales defined by both dynamics and
kinematics. Generally, each term in the series requires a more complicated calculation
than the previous term and the series must be truncated. The predictive accuracy of
the truncated series is limited by the magnitude of the terms left out, which can be
estimated by parameter counting. Such approximate solutions do not have the same
aesthetic appeal as exact ones. Physics, however, is an experimental science and the
accuracy of a theoretical prediction need only be comparable to the accuracy of the
data. One powerful mathematical formalism used to derive such series expansions is

effective field theory (EFT). (See Georgi [83] or Manohar [121] for a review.)

The idea behind EFT is a familiar one in physics: low-energy models should not
require a detailed knowledge of what happens at higher energies. Any physical model
consists of a mathematical framework and a set of rules and input parameters, and
gives a theoretical expectation for a variety of processes. Comparing expectation and
observation for a fraction of the processes fixes the value of the input parameters. The
expectations for the remainder then become predictions. For example, non-relativistic
quantum mechanics is the appropriate framework for calculating atomic energy lev-
els. The mass, charge, and magnetic moment of the electron and nuclei can all be
thought of as low-energy input parameters. The high-energy theory, once known,
provides deeper insight. In this case, quantum field theory justifies the fermionic
indistinguishability of electrons, which is simply adopted as a rule in QM. It also
reveals that the electron’s magnetic moment can be calculated in terms of its charge
and mass. The goal of particle physics then is not only a unified theory of everything,

but also the theories that provide a detailed understanding of low-energy processes.

The Standard Model itself is an effective field theory valid up to some scale where
“new physics” becomes important. Its parameters have to be fit from experimental

data since that new physics is presently unknown. Within the Standard Model, EFTs
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Figure 1-1: Two diagrams that contribute to B® — 7w+7~: a) “tree” topology b)
“penguin” topology

are used to disentangle strong interaction effects at disparate energy scales. As an
example, consider the decay B® — 7*7~. Two SM diagrams that contribute to this
process are shown in Figure 1-1. The lowest scale in the problem is not determined
by kinematics; curiously, Aqcp =~ 300MeV is generated dynamically in QCD. It can
be thought of as the scale at which the theory becomes strongly coupled. At one-loop
order (in dimensional regularization with MS renormalization), the strong coupling

has
127

as(p) = (33 — 2N,) log(u2/A2cp)

(1.1)

where NN, is the number of light quark flavors. Strong-interaction effects below, at,
or near Aqcp cannot be treated perturbatively as a series in ;. Equation (1.1) is no
longer even valid near these scales. The transition to the strongly-coupled region is
intimately associated with confinement: quarks and gluons have never been observed
as isolated free particles, only as constituents of composite color-neutral bound states.

These non-perturbative QCD effects pose a significant challenge for theorists. In
some cases, such as the B to 7 semi-leptonic form factor with E, < 1GeV in the
B rest frame, the hadronic physics can be estimated numerically using lattice monte
carlo techniques [127, 73]. Current technology, however, does not support lattices

of sufficient volume to simulate the nearly light-like pions in B — 77, which have

E; = 2.6GeV ~ 20m,. EFTs allow us to reduce and quantify these pervasive hadronic
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uncertainties by relating non-perturbative effects from distinct processes. In the case
at hand, EFT methods reveal a relationship between B — 7w and the B — = form
factor at large momentum transfer using perturbation theory at the scale m; [19].
In fact, if perturbation theory is valid at the “intermediate” scale \/Aqcpms, then
all non-perturbative effects in B — 7w enter as moments of distribution functions of
the individual mesons [124]. These moments are universal in the sense that they are
process-independent properties of the mesons themselves. EFTs help us understand

the relevant scales in a problem, and how such relationships emerge.

There are several important scales in B — w7 for which «, is small. The top
quark appears as an off-mass-shell intermediate state in penguin loop diagrams such
as Figure 1-1(b). Its mass, m; = (170.9 + 1.8)GeV in the most recent update from
the Tevatron Electroweak Working Group [80], is the largest scale in the problem.
The charged weak bosons W are responsible for quark flavor change. They also have
a large mass my = 80.403 £ 0.029GeV [140]. Far below the weak scale is the b-
quark mass my = 4.7GeV which makes up the majority of the mass of the B meson
and of the energy of the pions E, = mp/2. Between m; and the non-perturbative
region is the intermediate scale \/A_Qm, the lowest scale in this problem that we
treat perturbatively. Aqcpms is the virtuality of a propagator that carries the typical
momentum of both an initial state parton and a final state parton, such as the gluon

in Figure 1-1(a).

Effective field theories clarify and facilitate the calculation of QCD effects at these
perturbative scales. In the full-theory SM diagrams in Figure 1-1, it is not clear what
should be chosen for the renormalization parameter u, since each diagram contains
several disparate scales. The situation is even worse for radiative corrections; one
finds large logarithms, log(m?%,/u?), log(m?/u?) ..., multiplying a, at every order in
the “naive” perturbative expansion. The EFT approach leads to a decay amplitude

of the schematic form

AB—-mm)=CxH®JQ®S. (1.2)
The functions C, H, J, and S contain strong interactions of the scales my, my,

16



\/m , and Aqcp, respectively, and @ refers to possible convolutions among the
functions. C is calculated as an expansion in a,(mw) by matching the Standard
Model onto a QFT that is otherwise identical, but without the top quark and weak
bosons. In reference to Feynman’s path integral formulation of quantum mechanics,
we say that those massive degrees of freedom have been integrated out. The elec-
troweak physics, expanded in 1/m%,, is reproduced by a set of local operators called
the weak effective Hamiltonian, whose coupling constants, C, are called Wilson co-
efficients. The matching procedure isolates perturbative strong interaction effects
at mw, encoding them in the Wilson coefficients. We solve a renormalization group
equation (RGE) to lower the renormalization parameter y to a scale ~ m; appropriate

for b-quark decay, effectively resumming the large logs mentioned above.?

The focus of this thesis is strong-interaction effects at and below m;. The soft-
collinear effective theory (SCET) (13, 15, 27, 22] separates m;, 1/myAqcp, and Aqep
in B decays to energetic hadrons or hadronic jets. At the “hard” scale m;, QCD and
the weak effective Hamiltonian are matched onto operators in a theory SCET;. The
matching integrates out fluctuations with virtualities ~ m2. The resulting Wilson
coefficients, H, of the SCET; operators are calculated as an expansion in a,(my).
At the intermediate scale, we match SCET; onto a theory containing only non-
perturbative degrees of freedom, fields that interpolate for partonic constituents of
individual hadrons. For inclusive decays that theory is the heavy-quark effective the-
ory [125], while for exclusive B decays to light energetic hadrons, the appropriate
infrared effective theory is SCETy;. The Wilson coefficients, J, that result from this
matching step encode strong interactions at the intermediate scale, and are calcu-
lated as an expansion in as(\/mbA—QCD). These effective theories are discussed in

some detail in the next chapter.

4Matching and running is sometimes referred to as renormalization-group-improved perturbation
theory.
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1.5 Plan of the Thesis

Chapter 2 gives an overview of the effective theories used in calculations in the subse-
quent chapters. These are the weak effective Hamiltonian, the heavy-quark effective
theory, and the soft-collinear effective theories I and II. Chapters 3, 4, and 5 describe
original research published in [2], [3, 4], and [5], respectively.

In Chapter 3, we construct a complete basis for heavy-to-light currents to second
order in the SCET power counting. These operators, of the form gI'b, where q is a light
collinear quark and I is a Dirac structure, enter many SCET calculations, including
B — X,y and B — X,{v in the endpoint region of large energy but moderate
invariant mass. We derive relations between the currents’ Wilson coefficients by
enforcing reparametrization invariance (RPI), which effects Lorentz invariance in the
effective theory. Our RPI relations determine subleading Wilson coefficients in terms
of the leading ones to all orders in o, without the need for additional matching

calculations.

In Chapter 4, we classify, according to their perturbative order and strong phases,
all the Aqcp/mi—suppressed decay amplitudes for B decays to two light mesons (fla-
vor singlets excluded). Among these, we calculate the leading “annihilation” con-
tributions, where the spectator quark is Wick-contracted with a field in the weak
effective Hamiltonian. Some have speculated that such annihilation contributions are
responsible for the large relative phase between the “penguin” and “tree” amplitudes
extracted from non-leptonic data. We show, using recent results on mode factoriza-
tion in quantum field theory [124], that the leading annihilation amplitude is real
with a magnitude of ~ 15% of the observed penguin amplitude. The origin of the
large phase has yet to be determined, but our results eliminate one of the suggested

SM explanations.

In Chapter 5, the theoretical tools of complex analysis and QCD dispersion are the
basis for a model-independent method for determining |V,;| based on the exclusive
mode B — 7f. The current best estimate of |V,;| (with 5% uncertainty) assumes

CKM unitarity and infers the SM flavor parameters from a global fit to unitarity tri-

18



angle measurements [55]. The best direct measurement (quoted with 7% uncertainty
in a world average by the Heavy Flavor Averaging Group [91]) uses the inclusive
rate B — X, fv. These two estimates differ from each other, however, by more than
a combined 20, and our method provides an important complementary determina-
tion. Previous estimates of |V,,| from B — 7fp used experimental data from only
the largest ¢* bin (leptonic invariant mass squared > 16GeV?), where lattice QCD
gives information on the relevant B — 7 form factor f,. Alternatively they relied on
light-cone sum rules or models to extrapolate to low ¢. Our analysis expands f, as a
power series in a kinematic variable whose magnitude is small (< .35) in the physical
region, and uses a dispersion relation to put a QCD-derived bound on the size of the
coefficients (see Boyd and Savage [51], for example). |V,,| and the series coefficients
enter as the free parameters in a x* minimization. The fit contains information about
the form factor from unquenched lattice QCD and heavy-hadron chiral perturbation
theory, experimental data on the decay rate (total and binned), and the product of
|Vis| and f at ¢*=0 derived from SCET and B — 7 data. The dispersive bound
limits the shape of the form factor between input points and allows us to calculate
the error associated with our choice of functional form (model-dependence), which we
find to be negligible. The dominant part of our 13% uncertainty comes from lattice
inputs, and the method will compete with the current best estimates as the lattice
data improves.

Concluding remarks are given in Chapter 6.
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Chapter 2

Theory

This chapter reviews the quantum field theories used to calculate B-meson decay

rates in this thesis.

2.1 The Standard Model

We calculate theoretical expectations for physical processes using the Standard Model
of particle physics, a local quantum field theory containing all known fundamental
particles and their strong, weak, and electromagnetic interactions.! The matter field
content is a scalar Higgs doublet and three families of spin-1/2 fermion fields. In-
teractions by vector boson exchange follow from imposing a local non-abelian gauge
invariance on the matter field Lagrangian. The gauge group of the Standard Model is
SU(3)color for the strong interactions times SU(2)pes. X U(1)nypercharge for the unified
electroweak interactions. Electroweak gauge symmetry is spontaneously broken to
U(1)-electromagnetic by the vacuum expectation value (VEV) of the Higgs doublet.
Expanding the Higgs field about its VEV gives mass terms to the weak gauge bosons
and charged fermions. The photon, gluon, and neutrinos remain massless.

We work in a basis of flavor eigenstate fields where the fermion mass matrices

are diagonal. In this basis, the massive weak bosons, W and Z, couple to fermions

!The Standard Model is, by now, standard material, and as such we will generally omit citations.
See Peskin and Schroeder [128] for a more thorough introduction and additional references.
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through a term in the Lagrangian density
AL = go(WFIG + W, Jly + Z,J%) (2.1)

where g is the SU(2), gauge coupling, and the fermion currents are described below.

The charged current is

1 i ,
= E(Vh% + @Vipal) (2.2)

where the lepton flavor index takes on values ¢ € {e,p,7}, and the quark current
turns a down-type quark f’ € {d(own), s(trange), b(ottom)} into an up-type quark
f € {u(p), c(harm), t(op)}. Only left-handed fermion fields ¥y, = Py where P =
(1 + ~°)/2 participate in the weak interactions. The unitary Cabibbo-Kobayashi-
Maskawa (CKM) matrix [105]

Vud Vus ‘/ub
V= V;d Vcs Vcb (23)
1/td ‘/ts V;Eb

relates the quark mass eigenstates to the quark weak interaction eigenstates. The

unitarity condition
VJfVub + V;}Vcb + V;}V;b =0 fe{d,s} (2.4)

is often expressed geometrically for b to d transitions as the unitarity triangle (Fig-
ure 2-1). Alternatively, V' can be parametrized explicitly as a unitary matrix. Quark
field phase redefinitions reduce to four the number of independent real numbers nec-

essary for such a parametrization. One convention [56] has angles 62,013, 623, and &

with
C12C13 S12C13 s13e™%
V= —s19c3 — 0125233136i6 C12C23 — “31282:’,3136“S S$23C13 (2-5)
S12823 — 01202351361:‘s —C12523 — 812023~‘313€i‘5 C23C13
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Y

Figure 2-1: The unitarity triangle is obtained by dividing both sides of Eq. (2.4) with
f = d by the absolute value of V4V ;, which is chosen to be real by phase convention.

The colored regions are experimental constraints from a variety of sources. Plot by
CKMfitter group [55].
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where ¢;; = cosf;; and s;; = sinf;;. The complex phase ¢ is the sole source of
C P-violation in the Standard Model.?

The entries of the CKM matrix are free parameters in the Standard Model whose
values must be determined through observation of flavor-changing processes. Chapter
5 of this thesis presents a method for determining |V,;| based on B — wfi. Experi-
ment has revealed a hierarchy in the components of V' that is conveniently illustrated
by using Wolfenstein parameters (), A, p,7) [138]. In terms of the parametrization
Eq. (2.5), define 513 = A, 523 = AN, and sy;3¢™® = AX3(p — in), then

1—X2/2 A AN (p —1in)
V= -\ 1—X2/2 AN + 00\ (2.6)
AN(1—-p—in) —AN 1

where A = |V,4| = 0.22.

The hierarchy is important to keep in mind in our Standard Model calculations.
For example, in Chapter 4 we consider B decays to two light mesons, M;, M. We
use the unitarity condition Eq. (2.4) to write the decay amplitude as a sum of two

terms, each with a different product of CKM factors,
A(B — My M,) =V, wf T+ VeV P (2.7)

where f € {d,s}, T is called the “tree” amplitude for the decay, and P is the “pen-
guin” amplitude, (not to be confused with tree and penguin diagrams as described in
Figure 2-3). f = d for AS = 0 and the weak prefactors are comparable in size. For
AS =1 decays with f = s, the tree prefactor is A2-“Cabbibo suppressed” relative to
the penguin weak coupling prefactor. The two terms in Eq. (2.7) could be comparable,
giving large interference effects or the penguin could even dominate. Classification

of B decays based on the weak structure is discussed at length in the BaBar Physics

Handbook [93].

2 Another possible source of C P-violation, the “6” term Ly o e**P?GY, G5, where G is a gluon
field strength tensor, has been shown to be negligible by the absence of a neutron electric dipole
moment.
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In the basis of flavor eigenstates, the neutral current in Eq.(2.1) has a somewhat
lengthy expression. The most important feature of interactions between the Z boson
and fermions is that they are flavor diagonal. In other words, the Standard Model
has no flavor-changing neutral currents at tree level. For illustration, we give the

expression for Jz for first-family fermions, e, v,, u, d,

T = g |7 (v + (=} +sin® b )eu + 2y (sin® B et

ﬂyy"(% - % sin? GW)uL + ﬂRfy"'(—g- sin? HW)uR+

A7 (—4 + Lsin? Ow)dy + dry* (3 sin® 6w d| (2.8)
where the weak mixing angle 6w relates the two neutral SU(2) x U(1) weak bo-
son fields to the Z and photon fields. Z exchange and photon exchange contribute
to B decays in electroweak penguin operators as described below and as shown in

Figure 2-3.

Strong interaction effects described by quantum chromodynamics (QCD) pose
the most significant challenge to making quantitative predictions with the Standard

Model. The QCD Lagrangian is

Loo= Y, FEP-my)g - %Gz ; (2.9)
F=udschbt

with covariant derivative iD* = i0* + g,A* and field strength tensor [D*, D*| =
19sG*” where g, is the SU(3)color gauge coupling. Spinor and color indices have been
suppressed in Eq. (2.9). For example, the gauge field is a 3 x 3 matrix in color
space, A, = AT where {T"} are eight 3 x 3 generators of SU(3)c,lor normalized

Tr [T°T?) = 6% /2. Similarly G, = Gy, T
In addition to the Lagrangian, physical predictions require a regularization and
renormalization scheme, which invariably introduces a dimensionful scale parameter
p. The renormalized couplings and mass parameters depend on p, which can be
thought of as the energy at which the theory is defined. QCD is “asymptotically

free”: g,(u) tends asymptotically to 0 as u goes to infinity. Conversely, as u is low-
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ered to a scale u ~ Aqcp = 300MeV, QCD becomes strongly coupled g,(Aqep) ~ 1,
and a perturbative expansion in o, = g2/(4n) is no longer justified. Typically, the
most convenient scheme is dimensional regularization with modified minimal sub-
traction MS. It is gauge invariant and it simplifies calculations. Because MS is a
mass-independent scheme, heavy particles do not automatically decouple from low-
energy processes such as B decays. Instead they are removed by hand by a matching
procedure described in the next section. It is useful to think about yx in this context
as the resolution of the theory. The W-boson in b-quark decay has typical virtuality
m2,, and only propagates over a short distance ~ my;. Our theory at a scale y ~ mg
appropriate for b-quark decays cannot resolve this propagation; the effects of W ex-
change are reproduced by local operators in an effective theory in which particles

with mass greater than m; have been integrated out.

2.2 Weak effective Hamiltonian

To calculate B decays with the Standard Model, the full theory is matched at the
electroweak scale p ~ my onto a quantum field theory without the W, Z, and ¢.
The infrared (in this case low-mass) degrees of freedom and regulators must be the
same in both theories. The effects of the heavy particles are reproduced by a set of
local operators called the weak effective Hamiltonian and denoted Hy,. The coupling
constants of the operators, called Wilson coeflicients, are chosen such that transition
matrix elements give the same result in both theories when expanded in the strong
coupling and the ratio of low-energy kinematic invariants to the heavy particle mass.
For applications in B decays considered in this thesis, only the leading AB = 1 flavor-

changing operators in the 1/m%, expansion are needed. For these, Hyy is of the form

H = 2% PIGETOLID (2.10)

where Gr = g3/(4v2m}y), VM contains CKM matrix factors, {O;} are a complete

set of mass-dimension-6 operators and C; are their Wilson coefficients, which depend
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on the dimensional regularization scale parameter p.

The matching procedure defines the C;’s at u ~ my as a expansion in a,(my).
Since the infrared structure is the same in both theories by construction, the renormal-
ized Wilson coefficients encode strong interactions at the electroweak scale. Physics
below myy is still described by propagating fields and their interactions. To lower u to
a scale appropriate for b decay, we use renormalization group equations derived as fol-
lows. The renormalized operators O(u) are related to bare operators O© constructed

from bare fields by a renormalization matrix Z
o0 = z,0;. (2.11)

Z is chosen to remove UV poles at d = 4 in Green’s functions with an insertion of O.
(Operator renormalization is conventional for Hy,, but alternatively we could intro-
duce bare and renormalized couplings, C©®©) = ZoC, as is conventional for Lagrangian
terms). Neither the bare operators nor Hy depend on the renormalization scale.
From this it is straightforward to derive a renormalization group equation governing

the 1 dependence of the Wilson coefficients,

d
Ma@' = 7;Cj , (2.12)
where
_ d
Yii = jkl (N@Zki) (2.13)

is called the anomalous dimension matrix. The RGE is used to evolve from pu ~ my
to p ~ my, effectively resumming the large logs that appear in “naive” perturbation
theory. After matching and running, the Wilson coefficients C; encapsulate QCD
effects above my, while the remaining long-distance physics is described by EFT

dynamics, i.e. propagating fields and their Lagrangian and Hamiltonian interactions.

For the semi-leptonic decay B° — 7+ £ considered in Chapter 5, just one operator
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l Vv

Figure 2-2: Tree-level matching diagrams for Hy for b — wfp. Left: full-theory.
Right: weak effective Hamiltonian insertion.

is relevant in the Standard Model calculation,

4G
HW = \/gv;b(uyyubz,)(éyy”uz,) (214)

This operator also mediates the inclusive semi-leptonic decay B — X, €. The quark-
field bilinear #+y,b is an example of a heavy-to-light current whose soft-collinear ef-
fective theory representatives are discussed at length in Chapter 3. The tree-level
diagrams for the perturbative matching onto Eq. (2.14) are shown in Figure 2-2.
With the prefactors as in Eq. (2.14), the Wilson coefficient is unity at tree level.
In massless QCD, @y*Prb is a conserved current of a quark flavor symmetry. This
means that with our mass-independent renormalization scheme, this operator is not
renormalized by radiative corrections. The Wilson coefficient is scale independent,

unity to all orders in perturbation theory.

For other processes, the weak effective Hamiltonian is more complicated. For
uncharmed non-leptonic B decays considered in Chapter 4, there are AS = 0 terms

for b — dg,g» transitions and AS = 1 terms for b — s¢;3,. For AS = 0 it reads

10,7+,8¢g

Z VoV ( +3 ¢ Oz), (2.15)

p—u c =3
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where the operators we will need are

O = (iib)y_a (du)y-a, 0% = (tigha)v_a (daus)v-a,

Of = (eb)v-a (de)v-a, 03 = (Caba)v-a (dacs)v-a ,

O3 =Y, (db)v_a (@9 )v-a, Os = Y. (dpba)v-a (Taap)v-a ,

05 =3, (db)v-a (79 )44, Os = 3., (dgba)v-a (Toqp)vsa

0= S 2 @a @han,  Os = S X Gpbelvon Eothvan,

Ov= Ty "2 @)va@d)vns o= L yoek (abolv-a (@uthvos,
Ory = —5 M do* Fu (1476,  Ogy =~ mydo™Ge, T*(1+ ). (2.16)

The subscripts V £ A indicate the Dirac structure y#(1 £ +°) = 2y*Pg ;. o and 3
are color indices. The quark bilinear do**b in Oy, g, is another example of a heavy-
to-light current considered in Chapter 3. Standard Model diagrams that match onto
operators in Eq. (2.16) are shown in Figure 2-3. Here O}, and Of , are current-current
operators, Os_¢ are strong penguin operators and O;_1o are electroweak penguin
operators, with a sum over flavors ¢’ = u,d, s,c,b, and electric charges ey. Results
for AS = 1 transitions are obtained by replacing d — s in Egs. (2.15) and (2.16).
The coefficients in Eq. (2.15) are known at next-to-leading-log order [53] (we have
O] « O} relative to [53]). In the naive dimensional regularization (NDR) scheme
({v*,7°} = 0), taking a;(mz) = 0.118 and m;, = 4.8 GeV, the Wilson coefficients of
the operators in Eq. (2.16) are

Ci-¢(my) = {1.080, —0.177, 0.011, —0.033, 0.010, —0.040}
Cr_1o(mp) = {4.9x107*, 46x107*, —9.8x107%, 1.9x107°%}
Cry89(my) = {—0.299, —0.143} . (2.17)

The hierarchy in the magnitudes of these Wilson cefficients is important for phe-
nomenological analyses. We will not attempt, however, to distinguish them paramet-

rically (i.e. we count C; ~ 1).
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Figure 2-3: Standard Model diagrams contributing to Hyw operators in Eq. (2.15).
a) Current-current. b) QCD penguin. c¢) Electroweak penguin. d) Electromagnetic
penguin. e) Chromomagnetic penguin. In c) and d), the “y,(Z)” attaches to either
particle in the loop. In d) and e), “x” is a b-quark mass insertion required to reproduce
the chiral structure of the magnetic operators.

Having separated the scales my, and m; by matching and running the electroweak
Hamiltonian, we turn our attention to the effective theories used to disentangle strong

interaction effects at and below m;.

2.3 Heavy-quark effective theory

In this section we describe the infrared non-perturbative degrees of freedom of a B
meson containing a b quark,® and their appropriate EFT, the heavy-quark effective
theory (HQET) [86, 84, 76]. (See Manohar and Wise [125] for a pedagogical intro-
duction.) This theory separates m;,. from physics at the hadronic/non-perturbative
scale A ~ Aqcp by expanding in inverse powers of the heavy quark masses.

In the B’s rest frame, the light constituents — gluons and u, d, s quarks and anti-

3This discussion is valid (with obvious substitutions) for any hadron containing a single heavy
quark or anti-quark.
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Figure 2-4: Momentum space tiling for HQET.

quarks — have typical momentum components on the order of the non-perturbative
scale A. The b quark acts as a static color source for this light “brown muck”.
While the b’s momentum changes by Ap ~ A in interactions with the light degrees
of freedom, its velocity is unchanged, Av = Ap/my — 0 in the heavy quark limit
mp — 00. The anti-quark components present in the full-theory b field should not be
included as a dynamical degree of freedom in our low-energy theory of the B since it

takes an energy ~ 2my, to pair produce bb.

This physical description is formalized by HQET. Let h(z) be the full-theory
heavy-quark field for which we wish to derive a low-energy EFT. h(z) both annihilates
a heavy quark and creates a heavy anti-quark, with a rapidly varying phase due to the
large mass my. If we were using a momentum-space-cutoff regulator, h would have
mqmentum-space support over all momenta up to a scale Ay, ~ my. To define the

EFT, we tile momentum space as in Figure 2-4. Each momentum p is decomposed
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into a large and a small piece as
p=mpv+k (2.18)

where v is a time-like four-vector with v? = 1 that labels which box p lies in while
k ~ A indicates the position of p within the box. Similary we decompose h(z) into a

sum of fields labeled by the velocity v

h(z) =) €™ [hy(z) + by ()] - (2.19)

v

The labeled fields should be thought of as only having support for momenta k& < A.
(Strictly speaking, they have support over all momenta since we do not use cutoff reg-
ulators. An EFT, properly defined, however, is regulator-independent. Contributions
from the region £ 2 A are removed by renormalization.) The exponential prefac-
tor removes the large momentum myv. The field h, satisfies a projection relation
P,h, = h, where P, = (1 +%)/2. In the h rest frame, v = (1,0,0,0) and (1 + 7°)/2
projects onto the particle degrees of freedom of h. The other labeled field h satisfies
P_,bhy =1b,.

To obtain the HQET Lagrangian, we start by substituting Eq. (2.19) into the
QCD heavy-quark Lagrangian,

L=hGED —my)h (2.20)
=) "hy(iv - D)y — By (iv - D + 2my)b, + hyilDh, + hyilbh, .

This has been simplified using the Dirac projection relations. The velocity superse-
lection rule, that £ does not link heavy quarks with different v’s, resulted from taking
the residual momenta in the labeled fields to scale like A. Then label and residual

momentum are individually conserved,

/d4IE eimh(v—-v')-xez’(k—k').z =‘ o0 (271’)454(k‘ _ k/). (2'21)
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In the Lagrangian Eq. (2.20), the field b, has mass 2my, corresponding to heavy pair
production, which need not be included as a dynamic freedom in our low-energy

effective theory. Removing b, from Eq. (2.20) using its equation of motion
(iv - D + 2my)h, = iDh, (2.22)
is equivalent to integrating b, out at tree level. The result is

Luqer = Y Y hyiv- Dhy + O(A/my). (2.23)
h=bc v

The leading HQET Lagrangian Eq. (2.23) has an SU(4) spin-flavor symmetry
that reflects the physical picture of the heavy quark as a static color source for the
light constituents of the hadron. This symmetry relates non-perturbative effects from
otherwise distinct processes. The mesons B, B*, D, D* transform as a spin-flavor
multiplet. Up to 1/my, corrections, transition form factors between these mesons can
be expressed in terms of a single Isqur-Wise function whose normalization is fixed
at zero recoil [99]. This can be used to measure |V| from the heavy-to-heavy semi-
leptonic decay B — D*{v. Departures from spin-flavor symmetry are calculable in the
effective theory, but require the introduction of additional non-perturbative functions
and parameters. In Chapter 5, we use a heavy-quark symmetry relationship between

the BB*m and DD*w couplings in heavy-hadron chiral perturbation theory.

2.4 Soft-collinear effective theory I

Our theoretical description of B decays to energetic light hadrons or energetic hadronic
jets involves additional partonic degrees of freedom beyond the hard modes of the
QCD with p ~ m,;, and the soft non-perturbative modes of HQET with typical dy-
namical momenta ~ A. The constituents of an energetic hadronic state X with
Ex > mx are collinear quarks and gluons. The relevant EFT is the soft-collinear

effective theory [13, 15, 27, 22].
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In the “endpoint region” of inclusive decays such as B — X,y and B — X, /7, the
hadronic state X has large energy, Ex ~ @ where Q ~ m; is the “hard” scale, but
moderate invariant mass, mx ~ py where u; ~ +/QA is the “intermediate” scale. The
theory SCET] that contains the relevant modes for such hadronic states is obtained
from QCD by matching calculations at the hard scale. SCET; separates the scales @
and /@A by expanding in a power-counting parameter A ~ mx/Ex ~ \/m < 1
For these decays, we can separate the intermediate scale from the hadronic scale A

by matching SCET; onto HQET.

For exclusive decays containing one or more energetic light hadrons, such as B —
7 (Chapter 4), or B — v in its endpoint region (Chapter 5), the intermediate scale
is again important, and SCET] is used to separate @ and +/QA. In order to separate
the hadronic scale in these processes, however, we need non-perturbative collinear
modes, with p?> ~ A2, to interpolate for individual light mesons. These modes are
part of an effective field theory SCETY;, described in section 2.5. SCET]; is obtained
from SCET; by matching calculations at the intermediate scale [23]. Therefore we

begin with SCET}.

2.4.1 Degrees of freedom and Lagrangian

Since collinear partons travel near the light-cone, it is convenient to decompose mo-
menta using two light-like auxiliary vectors n and 7 normalized n - # = 2. Any four-
momentum p can be expressed in terms of its light-cone components (p*,p~,p.) =
(n-p,7-p,p1) as

p:ﬁ-p-g——i—n-pg-l-pj_, (2.24)

in terms of which, p?> = pTp~ + p}. For large momentum in the +z direction, the
conventional choice for the auxiliary vectors is n = (1,0,0,1) and # = (1,0,0,—1).

With this choice, boosts in the +2z direction simply give multiplicative factors

_ b —a - —
(p*,p,p1) == (e7pt,e%p™,p1), (2.25)
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Type (p*,p™,pt) Fields Scaling
collinear Q(N\%,1,)) énp A
(Ao Aap Anp) | 21
usoft QN X%, )) Qus, M A°
Ab A2

Table 2.1: Power counting for SCET] fields.

where a is the rapidity of the boost. n-collinear modes with p*> ~ Q2)X2? can be
thought of as full-theory modes with homogeneous momentum components ~ @\
boosted by e* ~ @Q/A in the n direction. By definition, collinear momenta have
light-cone components (p,p;,pL) ~ Q(A2,1,)).

SCET; contains collinear quarks, anti-quarks, and gluons. In deriving the weak
effective Hamiltonian in section 2.2, it was straightforward to reproduce the infrared
structure of the full theory, in that case the Standard Model; we simply used the same
IR regulators in both theories and kept all particles with mass less than my,. SCET is
more subtle since we are integrating out off-shell modes of massless fields. A collinear
parton can interact with an ultrasoft (usoft) parton with homogenous momentum
components p,, ~ QA2 without changing its virtuality by a parametric amount, and
both collinear and usoft gluon modes are required to reproduce the infrared physics

of QCD [13]. The field content of SCET] is summarized in Table 2.1.

The construction of the collinear Lagrangian proceeds analogously to that of
Luqer. We start by tiling the momentum space of collinear particles as in Fig-
ure 2-5. Each momentum p is split into a large piece § = - pn/2 + p, that indicates
which tile p lies on, while the residual momentum k points to p’s location within the
tile. Again, it is impractical to use a cutoff regulator that would make this tiling
exact. In any regulator, these statements are true in the sense that we assign power
countings 7 - p ~ QA% p. ~ QA!, and k ~ @Q)2. The large momentum § gives a
rapidly varying phase to the n-collinear quark field, 1, (z). The large phase is —ip- z
when 9,,(z) annihilates a particle, and +ip - = when it creates an anti-particle. We
would like to express the collinear quark field ¢n,(z) as a sum of labeled fields with

the large phases removed. We do so as follows. Define a field ¥} (x) that annihilates
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Figure 2-5: Tiling of collinear momentum space. p=p +k where p=n-p % + py is
the large label momentum and k ~ Q\? is the residual momentum.

a particle with large momentum 7 - p, and a field ¢, ,(z) that creates an anti-particle
with large momentum 7 - p. (Note: These superscripts & do not refer to light-cone
components!) Both of these labeled fields have only residual momentum dependence
k ~ A = Q)? in their residual = dependence. The collinear quark field can be written

as a sum,

¢n(x) = Z [e—iﬁ-x,(ﬁ:’p s e+iﬁ.z¢;’p]
0
= e [, + i)
0
= Z e—iﬁ'z'l/}n’p & (226)
PF#0
For notational simplicity we omit the tilde in the subscript. From the definition
Eq. (2.26), we see that when 7 - p is positive, ¢, , annihilates a particle with 7 - p large

and positive, and when 7 - p is negative, 1, , creates an anti-particle with —7 - p large
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and positive. In other words, when %, interpolates for a final-state anti-quark moving
in the +n direction, it is the terms in the sum with negative 7 - p that contribute.

Similarly, the collinear gluon field is

An(z) =) e P74, ,(z). (2.27)
p#0

The hermiticity of A, = A}, implies 4, , = A, .
The sums over collinear labels in Egs. (2.26) and (2.27) exclude the “zero bin”
p = 0, where the momentum is purely residual, since by definition a collinear field
carries (p},p7,pt) ~ Q(A2,1, \). Partons with homogeneous momentum components
~ @QM? are included in the theory as a distinct degree of freedom, usoft fields, as
mentioned above. The fact that collinear fields do not have support in the zero bin

has far-reaching consequences in the effective theory [124]. Zero-bin subtractions

motivated by the formula

Yo=Y - (2.28)

p#0 P p=0 ~

render finite seemingly divergent convolutions that appear in processes with exclusive
light hadrons. The zero bin does not play a role in Chapters 3 and 5, but it is crucial
for the analysis in Chapter 4. We will abstain from further discussion of the zero bin
until Chapter 4.

The collinear quark field 9, , has two large (“good”) components &, , = Pytbn p ~
A and two small (“bad”) components {,, = Pin, ~ A2, where P, = 1t#t/4 and P; =
/4 are rank-2 Dirac projection matrices with P, + P; = 1. The two-component

spinors satisfy

Pn{n,p = €n,p ) %&n,p =0,
Pﬁgn,p = Cn,p ’ ﬁCn,p =0. (229)

The X scalings for fields are chosen to make their kinetic action, which determines
their propagators, scale as O(A%). This moves the A dependence of the action into

interactions, and free propagation of fields counts as order unity. Since collinear fields
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are equivalent to boosted, power-expanded, full-theory fields we can determine their

scalings by examining the full-theory two-point functions. For the quark field,

. - wp
dtz ¢ (0T o (2)Pn(0)|0) = , 2.

[ dta =0T vul@)in(00) = 5 (2:30
where T stands for time ordering. We find &,, ~ A and {,, ~ A? by projecting
Eq. (2.30) using Eq. (2.29), taking p and z to be collinear (e.g. d*z. ~ (QX)~* and
p? ~ @?)?), and equating powers of A on both sides. The two-point function for the

gluon field in a generalized covariant (Lorentz) gauge,

4, ipT AV . —_2 v _ ﬁ
[ dtzer=ir @ 2000 = = (¢ - oP5), (2.31)

indicates that the light-cone components of A, scale like collinear momenta, (A}, A, AL) ~

Q(X%,1,)). The other field scalings in Table 2.1 follow from a similar line of reasoning.

Inserting Eq. (2.26) into the massless QCD quark Lagrangian,*

L =iy
= Z; e~i~7) [En,p’g' (m ’ D)gn,p + Enm’%i (7_7' "p+in- D) Cnp

oy (P +3D1)Gop + oo (B, +iBL )] (232)

This has been simplified using Eq. (2.29). When integrated over all space-time to
obtain the action, the large phase factors in £ simply enforce conservation of label
momentum. From now on, where there is no chance for confusion we will omit these
factors and conserve label momentum as a rule. The small spinor components (, ,

can be integrated out at tree level using their equation of motion

oL

0=—
51’]“,1,/

= L(ap+ - D)oy + (, +1P1)Ens. (2:33)

4Light-quark mass effects can be taken into account in SCET [112], but are not considered in
this thesis.
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giving

- T . 1 | ;
L= ;En,p/ [zn D+ (p, + zm)m(h + le)] S (2.34)
The covariant derivative D contains both collinear and usoft gluon fields.

The leading-order Lagrangian is obtained by expanding Eq. (2.34) in A. This
expression, and many others in SCET, are greatly simplified by the introduction of a
collinear label operator P* = P n*/2+ P! [27). P acts to the right and gives the sum
of collinear label momenta of fields minus the sum of the collinear label momenta of
conjugate fields (such as ¢,, and Ay ). P! acts to the left and gives minus the sum
of collinear label momenta of fields plus the sum of the collinear label momenta of

conjugate fields. For example,

75gn,p’A’n,qfn,p = [ﬁ ' (_p, +q+ p)] én,p’An,qfn,p = “gn,p'An,qfn,p ﬁf . (235)

Expanding Eq. (2.34) and making use of the label operator notation, the leading-order

collinear quark Lagrangian is

it
Sén- (2.36)

£9 = &[in- Do+ B i}

in-D, "¢

where §, = ) exp(—ip- 7)én - The covariant derivative iD, in Eq. (2.36) has light-

cone components

in-D,=in-0+gn-A,+gn- Ay
iDy =P+ +gA;

in-Do=in-P+gn-A,. (2.37)

It is given the subscript ¢ because, acting on collinear fields, its components scale

like those of a collinear momentum.® Power counting dictates that n - A, and n -

SMany different covariant derivatives appear in the SCET literature. The definition for in - D,
in Eq. (2.37) is not standard, but its advantage should become clear in section 2.4.2.
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Figure 2-6: ng) Feynman rules: a dashed line is a collinear quark; a spring is an
ultrasoft gluon; a spring with a line is a collinear gluon. # - p and p momenta are
label parts only. Figure from Bauer et al. [15)].

A, appear together in the leading-order collinear covariant derivative. The other
components of the usoft gauge field are suppressed relative to the label operator
and A,. The inverse covariant derivative in Eq. (2.36) can be interpreted as an
expansion in g7 - A.. A precise definition will be given in the next sub-section (c.f.
Eq. (2.42)). The manipulations leading to Eq. (2.36) hold at tree level, but in fact this
is the most general form for the leading collinear quark Lagrangian consistent with
gauge invariance, discussed in the next sub-section, and reparametrization invariance,

discussed in section 2.4.4. Some Feynman rules for Eég are given in Figure 2-6.

The leading collinear quark Lagrangian is derived in an analogous manner. The

result is [22]
LO = ——-—Tr { [iD#, iD?]} + gt (2.38)

40

[ =¥

(S 1N



TR 7g o 7 Iwvod
TR R At

q
a, |
§ abcn 7 -
by 2 e gf®nun - q1 gua
e i i
qQ 40)
= a,pn b, v
%‘oé\ —%i92nu{f abe fede (Brgvp — MpGun)
N
’I'fadefboe(ﬁvg)\p - ﬁ)\gup) + faoefbde(ﬁ'ugz\p - ﬁpguA)}
d,p c, A
a, n b,v
¢ & .
% 8

Figure 2-7: £2 Feynman rules (Eq. (2.38)) in Feynman gauge: a spring is an ultrasoft
gluon; a spring with a line is a collinear gluon. 7 - p and p* momenta are label parts
only. Figure from Bauer et al. [22]

where the trace is over color indices, the collinear covariant derivative is defined in
Eq. (2.37), and g.f. stands for gauge fixing terms. Again, only the n - A,; component

of the ultrasoft gluon field appears at leading order in the power counting.

The ultrasoft Lagrangian density is the same as in QCD, with appropriate power

countings for ultrasoft fields,
1
Lus = GusiDysus + ZTI {lD, D2} +ef, (2.39)

with ¢D,; = 10 + g A,s and where g.f. stands for gauge fixing terms.
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2.4.2 (Gauge invariance

SCET has a rich set of gauge symmetries that severely restricts the allowed form of
the effective theory operators [22, 24]. Gauge invariance will be an important con-
sideration for the construction of heavy-to-light current operators in Chapter 3 and
flavor-changing weak operators for non-leptonic decays in Chapter 4. In SCET] there
are both usoft gauge transformations that have i0U,, ~ A? and collinear gauge trans-
formations that have support over collinear momenta (:0%,30~,i0,)U. ~ (A?,1,\).
We will address the implications of latter type first.

Ultrasoft fields cannot resolve, and therefore do not transform under, the rapid
fluctuations induced by a collinear gauge transformation. The collinear quark trans-
forms as one might expect, &, — U.&,. The collinear gluon transformation requires
a bit more thought. The slowly-varying usoft gluon field behaves like a classical color
background field for the quantum collinear field. In the presence of this background,
A, transforms in such a way that the combination :D,, which involves n - A,, as
in Eq. (2.37), transforms under U, like one would expect a covariant derivative to
transform, e.g. ¢D. &, — U.iD.&,. It is easy to see that leading-order collinear La-
grangians, Eqs. (2.36) and (2.38), whose derivatives and gauge fields only come in
this combination, are invariant under collinear gauge transformations.

Power counting allows an arbitrary number of 72 - A, ~ A° gluons in any collinear
operator. We have already seen an example of this in the inverse covariant derivative
(#n - D)™ in Egé). Collinear gauge invariance, however, dictates that these gluons
always appear in the form of a Wilson line functional Wiz - A,] that transforms in

such a way that W1¢, is invariant [27]. This collinear Wilson line is

W= e (- okn-4)

perms

- (_g)m T—Z'Anq "'ﬁ'Anql
_ an o 2.40
DI Y PR RO S (2:40)

m=0 perms

In the second line, there is an implied large phase factor and sum on labels ¢;. In

both lines, “perms” refers to all permutations of the gluon fields. The Wilson line
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Po

Figure 2-8: Generation of the collinear Wilson line W in the leading-order heavy-
to-light current matching. Left: full-theory. Right: SCET. Figure from Bauer et
al. [15].

satisfies WIW =1 and
(ifi - D)™ = WP Wt (2.41)

With this, the leading collinear-quark Lagrangian is
£ —[. NI PN Y
& =&|in-De+il; WzWhib, | Le,. (2.42)

Power counting also allows the Wilson coefficient of a collinear operator to be an
arbitrary function of 7 - p ~ A° label momenta. Gauge symmetry, however, restricts
Wilson coefficients to only depend on the large label of gauge-invariant combinations
of fields. A simple application of these concepts is the leading-order heavy-to-light
usoft-collinear current J© = &, WTh,, where I is the Dirac structure in the full-
theory current. The Wilson line W, required for collinear gauge invariance, is built
up by full-theory diagrams in which the heavy quark goes off-shell by emitting one
or more 7 - A, gluons, as shown in Figure 2-8. At tree level, the Wilson coefficient of

J© is unity. Beyond tree level, the current is
JO = gwW C(PHTh, . (2.43)

The coefficient function C' depends on the large label momentum of the gauge-

invariant product &, W, picked out by P?.

43



Ultrasoft gauge invariance contrains the form of purely ultrasoft interactions as
well as usoft-collinear interactions. Under a usoft gauge transformation, usoft fields
behave as one might expect them to, e.g. h, — Uyshy, and tDy; gys — UysiDys Gys-
For rapidly-varying collinear fields, the usoft gauge transformation is like a global
color rotation, e.g. &, — U, and A, — U,,A,U],. It is easy to see that the
leading-order collinear Lagrangians, as well as the leading heavy-to-light current, are
both usoft gauge invariant. Just as the collinear Wilson line W simplifies collinear

gauge symmetry considerations, it is useful to define a light-like ultrasoft Wilson line
_ 0

Y(z) =Pexp (zg/ ds n-Ays(z + sn)) , (2.44)
s

where P can stand for either path ordering, P, or anti-path ordering, P, and the
reference point sg can be taken as + or — co. The conventional choice, the one
we make unless otherwise stated, is P = P and sy = —0co. We comment on these
choices in section 2.4.5. The differential line element, ds ~ A~2, scales like a residual
z dependence and so Y ~ 0. This ultrasoft Wilson line transforms as Y — U,,Y

and satisfies Y'Y =1 and Ytin- D,,Y =in- 0.

The BPS collinear field redefinition (22
€np(2) = Y (@)np(3),  Ang(2) = Y(2)Ang(2)Y'(2), (2.45)
removes usoft gluons from the leading-order collinear Lagrangian since
in-D,—in-0+gn-A,. (2.46)

(Note that in the literature, the right-hand side of Eq. (2.46) is usually what is meant
by in - D..) In this thesis, in - D, can either contain n - A,s or not, depending on
the context, i.e. pre- or post- Eq. (2.45), respectively. After the redefinition, all
usoft-collinear interactions are contained in factors of Y in operators, giving a simple
statement of usoft-collinear factorization. For example, the leading heavy-to-light

current J© — £, WTY'h,. Post-BPS-redefinition collinear fields no longer transform

44



under usoft gauge transformations.

In constructing operator bases, we will use the following structures, which are

both collinear and usoft gauge invariant:
o =W, H,=Yth,, D.=WDW, D,=Y'D,Y, (247)

as well as the P label momentum operator. The fields in Eq. (2.47) are all post-BPS
redefinition. It is convenient to be able to switch the collinear derivatives for field

strengths, for which we use

iDt* = Pl 4 igBl, iDL = —Pl —igBL,
— -
in-D, = in-0+ign-B, in-D,=in- 0 —ign-B. (2.48)

Here the field strength tensors are
— 1. L . 1. :
igBl' = [%[m‘Dc,z'Dc “]] , ign-B= [ﬁ[m-’l)c,m-Dc]], (2.49)

where the label operators and derivatives act only on fields inside the outer square

brackets. For convenience we will also use the shorthand notation

Xnw = [)2 6(w—-n-v—ﬁt)],
(29B})w [ing d(w—n- v-’ﬁf)] ,
(ign - B)., [z'gn -Bd{w-n- v_'lsf)] , (2.50)

s0 that Xn,. corresponds to the gauge invariant combination of fields (£, W) carrying
large O(\%) momentum w. In a Feynman diagram, w goes in the same direction as
fermion number, i.e. positive along the arrow. An operator built out of several of
these components then has multiple labels, J(w;,ws,...), and the Wilson coefficient

for the operator will be a function of the same w; momentum labels, C(w;,ws,...).
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For example, the leading heavy-to-light current in Eq. (2.43) is written as

JO = / dw C(w)XnwTHo (2.51)

2.4.3 Reduction in spin structures

The number of independent Dirac structures in a quark bilinear is reduced by Dirac
projection relations. For heavy-to-light currents x,I'H, considered in Chapter 3, we

can project the Dirac structure onto a four-dimensional basis {1,7°,7¢} using
I = tr[PTP,) + 7% tr [\’ PP + 74 tr [y PaT R, (2.52)

where = indicates that the relation is true between X, and H,. Similarly, in collinear
quark bilinears, ¥,I'x,, which appear both in sub-leading heavy-to-light currents
and in the non-leptonic SCET weak effective Hamiltonian, we can project the Dirac

structure onto the four-dimensional basis {f, #v°, #7¢} using

- 7t i’ 5 ary o
= 3 tr [t P F,) + 5 tr [y pPTPy] + = tr (YER PP, (2.53)
When X, has a definite chirality, 7°Pg = +Pg [ reduces the dimensionality of the
space of Dirac structures to two, with spanning set {#, #-y$}. In that case the subspace

spanned by #~¢ is only one-dimensional, and we can turn any contraction involving

i€}” into a contraction with gi”, where the two-index L tensors

e‘j_” = N,nge?’ /2,
nt*n¥  ntnY

2 2’

g’ =g" - (2.54)

satisfy
gitel = —gfet. (2.55)

(Note: Our convention for the e tensor is such that with the usual choice of » and 7,
el? = 1.) For example, i} Exit€x = Exitvivs€r = ENitvER.
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2.4.4 Reparameterization invariance

The theory QCD+ Hyy, of which SCET is an effective theory, is manifestly Lorentz
invariant, and each particle is described by a single four-momentum. This is not the
case in SCET. The auxiliary vectors v, n, n break manifest Lorentz invariance, and the
decomposition of momenta into label and residual pieces is not unique. Lorentz sym-
metry is restored in the effective theory by requiring invariance under small changes,
reparametrization (RP), of the auxiliary vectors. The decomposition ambiguity is re-
moved by requiring invariance under shifts between label and residual. The structure

of effective theory operators is constrained by these reparameterization invariances

(RPIs).

In HQET it is convenient to formulate the RPI constraints to all orders in 1/m by
constructing RP invariant operators and then expanding them to generate a chain of
related operators [118]. These operators start at some fixed order in 1/m, but once
the RP invariant form of this operator is known, all higher terms in the chain are
determined. The RP symmetries in SCET are richer and typically the constraints
are derived order by order in A. In this case, higher-order operators in the chain are
not fully determined until the appropriate order in X is considered. RPI constraints
in SCET were first considered by Chay and Kim [59]. The complete set of SCET
reparametrizations were formulated in Ref. [123] and used to prove that the leading-

order (LO) SCET Lagrangian is not renormalized to all orders in perturbation theory.

Recall that the total momentum P* of a heavy quark is decomposed as P¥ =
mpv* + k#, where my, is the quark’s mass, v* is its velocity, and k* is a residual

momentum of order muA%. Then the simultaneous shifts
v — ot + B and K — k* — my ¢, (2.56)

can have no physical consequences [118]. Here S is an infinitesimal four-velocity that
we assign the maximal power counting 3 ~ A% that preserves k ~ Q\2. We refer

to this reparameterization invariance as HQET-RPI. The transformation of the field
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hy — hy + 8h, induces terms at O(A°) and O(A\2),

§Op, = (¢mpf - z)hy, 5(’\2)h,, =

(] RSN

B (2.57)

Recall that the total momentum P¥ of a collinear particle is decomposed into the
sum of a collinear momentum p*, with (n-p,7-p,p,) ~ @(N\2,1, 1), and an ultrasoft

momentum k*, with (n-k,7 - k, k1) ~ Q(X2, X2, \2):

PF o= prikt (2.58)
nt n#
= —2—ﬁ -(p+k)+ 5 k+ (pL+ky). (2.59)

This decomposition has two types of ambiguity. The first comes from splitting P*

into large and small components. Operators must be invariant under a transformation

that takes

PoP+a-t, in-0—in-0—n-L,

Pl Ph oyt it — ik — o, (2.60)

where all operators and derivatives act on one or more collinear fields, and #* is
O(\?). We refer to this reparameterization invariance as SCET RPI-a. Examples of

an infinitesimal transformation on fields and operators are
8% = (i 2)xn,  SOIPE =01, SV =net, (2.61)

where n-¢ = 0. Note that (¢4 z) terms only affect ultrasoft derivatives acting on the

fields since RPI constraints are found by evaulating operators at z = 0.

The second ambiguity in the decomposition of the momentum of the collinear
particles comes from choosing the light-cone vectors n and 7. An infinitesimal change
in these vectors that preserves the relations n2 = 0, 72 = 0, and n - # = 2 can have

no physical consequences. The most general infinitesimal transformations of n and n
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that preserve these conditions along with the collinear power counting are [123]

Ny — ny + Ay n, — (1+a)n,

a{ M ™ . ()

Ny — Ty My — My, + €, n, — (1—a)n,

W) (2.62)
where {A7, &5, a} ~ {A!, A% A%} are five infinitesimal parameters. € and A get the L
modifier because fi- et =n-et =7+ At =n- AL =0. Note that € and a are O(1)

but infinitesimal.

In Chapter 3, we will consider higher-order RPI relations for heavy-to-light cur-
rents in SCETy. For processes involving heavy-to-light currents it is often convenient
to work in the special frame where v, = 0, so that v* = fi-v n*/2 + n-v 7#/2 and
n-vfi-v = 1. If we start in the frame v; = 0, then transformations (I) or (II) or
(HQET-RPI) take us out of this frame. A certain combined type-I and type-II trans-
formation, however, leaves v, = 0 [96]. We refer to this transformation as RPI-x.
We can also form a combined HQET and type-II transformation that leaves v, = 0,

which we refer to as RPI-$ [2]. These transformations are

nu——>nP+A‘J; v — vk 4 Bl
_ _ AL _ _

(*) ny, - nu - (,,T,,%i‘ ’ ($) TL” b d n" + 'n% 18-‘1 ) (263)
'U” — Uy n, — n#

where AL ~ X, B~ X%, and B3, is the L-part of B7. In defining the $ transformation
we found that it is more convenient to leave v; = 0 by making a transformation on v
simultaneously with 7, rather than simultaneously with n. Under the x transforma-

tion the components of a generic four-vector V,, transform as

nV o en.V+Al.vi

_ . AJ'-V'L
n Y T T
Al Lyl Al P L R L My 1oyl
# s +A”( 2 2(n-v)2) +( 2 +2(n-v)2)A (2.64)

Working to second order in A, we need the following terms from an RPI-x transfor-
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mation:

5P = 5 P, 8 ign-B) = AL - (igBL),  (2.65)
5 (igBY) = o0, 5% =0,
e = (R.0)2n" AL (1\1)—_—’@5
0P = (R-v)*nfp APy, 0 X = Xn Y
6 (igBY) = (A-v)ny A-(igBy), 650IP = ~(n-v)*AL - Py,
1
M — _o (int 1_i¢ - 1 ol AL
5* Xﬂ Xn (ZgB + PL ) Pf 2('"1'1])2 + Xn [(n°v)275 ng A :| ?
where nr is the transverse part of n,
7 Ak
nf =n* —nvot = -T—;— - (n_v)2?2_ : (2.66)
We will also need the transformation
_ 1 _
6008w —n-vP') = — AP} Ew-nvPY). (2.67)

For the RPI-$ transformation, working to second order in A, we will need the

following terms:

§8h, = (imBr - )y, 53k, = pr

5 by, (268)

6;'\2) §(w — n-vPt) = —n-Br P §'(w — n-vP).

For the last identity it is straightforward to see that the $ transformation on 7 does not
enter until one order higher. We chose to define the RPI-$ transformation to be for v
and 7 rather than v and n because of the property that terms with 7 are often pushed
to higher order, making the relations derived with RPI $ more orthogonal to those
from RPI %. For example, in order to have a simple form for the §gI'’s in Eq. (3.34)
below, it is important that it is 74 —not n— that transforms. Finally, we note that
since all Dirac structures are O(1), all RP transformations of Dirac structures have

the same power counting as the transformation parameter, in particular, §,I' ~ O(A!)
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Figure 2-9: Transformﬁtion of operators on and off the v, = 0 surface. Here O,
exist for v; = 0, while O3 45 vanish on the v; = 0 surface.

and 0" ~ O(\?).

Finally, note that we will consider the RPI tranformations of all fields prior to
making the BPS field redefinition in Eq. (2.45) so that we do not have to transform Y.
However, in order not to have to switch our notation back and forth we will write all
equations with the operators obtained after the field redefinition. This implies that
results quoted for the transformation of objects involving H, should be though of as

being made for h,,, with the field redefinition which induces H, made only afterwards.

Completeness of Projected RPI

It is natural to ask if for v; = 0 the transformations RPI-$ and RPI-x in Eq. (2.63) are
sufficient to give the complete set of constraints that arise from the original SCET
type-I, SCET type-II, and HQET RPI transformations. The set { RPI-$, RPI-x,
SCET-II } forms an equivalent complete grouping related by linear combinations.
We addressed this question in [2] by considering a split of all possible operators into
two sets, a set {O;} that do not vanish on the v; = 0 surface and a set {O;} that do.
An example is pictured in Fig. 2-9. Constraints are derived by requiring cancellations
among the resulting post-transformation set of operators. If we consider an operator
O; then under one of the projected RPI transformations, RPI-$ or RPI-x, it transforms
into the set {oj,ﬁk}. On the other hand an operator O; only transforms back into
the set {O;}. This is a special feature of the projected transformations and ensures

that relations derived on the v, = 0 surface can not be spoiled by operators which
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appear away from the surface. It appears that we can neglect the O; operators since
they vanish when we project on the v; = 0 plane. However it is still possible that we
will miss an additional relation between operators on the surface, so that the surface

analysis will not be complete.

There are two possible sources that could lead to additional relations beyond those
derived from projected RPI on the surface. First, under the SCET RPI-II transfor-
mation €; ~ X0 is allowed, while in the RPI-x and RPI-$ transformations we only
have smaller transformations of 7 of O(A') and O()?). Thus we could miss relations
from the more restrictive e; ~ A0 allowed by SCET RPI-II. Note that an SCET
RPI-II transformation takes us off the projected surface. Second if we project onto
vy = 0 then constraints are derived only by enforcing cancellations within the set
{0,}. It is possible that an operator Oy exists that is obtained from the transfor-
mation of two operators O; and O, that are not related by transformations on the
surface. Enforcing the cancellation of Oy then relates O; and O,. This is pictured by
the star in Fig. 2-9. A related alternative is an operator like O pictured with the box
which is obtained from transformations of O, » and Os. If O3 is otherwise constrained
then this would also constrain O;,. In cases with multiple operators appearing and
multiple transformations we must of course consider the linear independence of com-
binations of operators. If an O; contributes and it is not otherwise constrained then
this is not of concern, since in the end we discard O; by projecting onto the v, = 0
surface anyway. We will call an operator that vanishes for v; = 0 but that generates
a relation between operators on the surface a “supplementary projected operator”
(SPO).% To check for the existence of an SPO we might in general need the full set of
vy # 0 operators. At O()\) the comparison of the results derived in Ref. [130] in the
full space, to those derived in Ref. [96] on the surface v; = 0 shows that there are no
SPQO'’s at this order.

For the O()\2?) heavy-to-light operators considered in Chapter 3, we show that
there also no SPO’s in section 3.2.4. This is done by a careful choice of Dirac basis

that makes it simpler to demonstrate that there are no further type-II RPI relations,

8In the case of type-II transformations, operators like O4 and Os need not be in the {O,} class.
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and by explicit construction for other possible SPO’s. Thus, the analysis on the

v, = 0 surface is complete for our computation.

2.4.5 Comments on boundary conditions for Y(z)

In constructing subleading operators we combine objects that are individually collinear
and usoft gauge invariant. The logic which ensures that all subleading operators can
be organized in terms of these objects relies on the decoupling of usoft gluons from
the leading order collinear Lagrangian by a field redefinition involving the Wilson
line Y [22]. In this section, we show that all results are independent of the choice of
boundary condition for this Wilson line {2]. Processes described by SCET can depend
on the path of Wilson lines, but this path is determined independent of the choice of

boundary condition.

We define

0

Y(e#) = Pexp(ig / ds n-Au(at)) (2.69)

0
0

Yi(z*) = P exp (—-z'g/ ds n-Aus(:zg‘)),

0

where z# = z* 4 sn#. With respect to the equation of motion, n-D,;Y = 0, the
point sy implements a boundary condition at infinity, and P denotes path ordering
P or anti-path ordering P. If Y1 is to be the hermitian conjugate of Y one requires
that 3o = s}, and P’ = P. This ensures that Y'Y = 1 and that the field redefinition
in Eq. (2.45) causes the usoft gluons to decouple in the collinear Lagrangian. The

following definitions will also be useful

0 00
Y, = Pexp (ig / ds n-Aus(x’s‘)) . Y. =Pexp (—ig / ds n-Aus(x’s‘)) . (2.70)
—oo 0

Y! =Pexp (—'ig/(:is n-Aus(xf;)) ,  Y!=Pexp (ig/zios nAus(w‘;)) .
0

Here (Y1)! = Y4, and the subscript on Y, should be read as (Y1), rather than (Y3)!.
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A common choice for sg is the one made in Ref. [22],
so=% =-00, P=P, P=P, (2.71)

where Y =Y, and YT = Y!. In Ref. [16] the choice so = +o00 with P’ = P was made
in order to correspond with particle production, YT = Yl. A third possible choice

is [23]

lal!

_ P=P

so = —oosign(P), 3Fp = —oosign(P),

’

, P

/
’

. (2.72)

o ol

for P,Pt >0
for P,Pt<0

ol

Il

Eq. (2.72) still satisfies s}; = Sp but corresponds to a different choice for particles and
antiparticles.” Here Y = Y, YT = Y! for particles, while Y = Y_, Yt = Yl for

antiparticles. To see this recall that
§n,P = ;tp + 7:,—p’ (273)

and that if the label momentum is positive 7i-p > 0 we get the field for particles, &,
and if the label is negative 7i-p < 0 we get the field operator for antiparticles, £ [27].
Although it is important to make some choice for sg, if one is careful then in any
physical problem the dependence on sy cancels. Any path dependence exhibited by
a final result can be derived independently of the choice of sy that one makes in the

field redefinition.

Since the dependence on sy sometimes causes confusion, we explore some of the
subtleties in this section, in particular, why it is important to remember that factors
of Y, Y can also be induced in the interpolating fields for incoming and outgoing
collinear states, and why a common choice for sy = EJ is sufficient to properly repro-
duce the ie prescription in perturbative computations. In many processes (examples

being color allowed B — D7 and B — X,7) the so dependence of the Wilson lines

cancels and the following considerations are not crucial. In other processes, however,

"Note that in this case so = —oo sign(P), is an operator.
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Figure 2-10: Eikonal ie prescriptions for incoming/outgoing quarks and antiquarks
and the result that reproduces this with an ultrasoft Wilson line and sterile quark
field.

the path for the Wilson line is important for the final result, particularly when these
Wilson lines do not entirely cancel. An example of this is jet event shapes as discussed
in Refs. [107, 18, 16]. See also the discussion of path dependence in eikonal lines in
Refs. [72, 44, 71, 106, 69, 100, 70, 61].

First consider the perturbative computation of attachments of usoft gluons to in-
coming and outgoing quark and antiquark lines. The results for the eikonal factors for
one gluon are summarized in Fig. 2-10, and can be computed directly with the SCET
collinear quark Lagrangian (or from an appropriate limit of the QCD propagator).
These attachments seem to force one to make a particular choice for sy and 3y, see for
example the recent detailed study in Ref. [61]. In our notation it is straightforward

to show that this choice corresponds to

P=P'=P, for P,Pt>0

so = —oosign(P), 3o = +oosign(PT), Y m — _ .
P=P =P, for P,P' <0

(2.74)

To see this take a quark with label 7i-p > 0 and an antiquark with label fi-p’ < 0, and
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note that

0
Y&, = Pexp (zg/ ds n-Aus(wﬁ")) = Pexp zg/ ds n- Aus(x“)) =Y. &,

—00

(2.75)
_ o 0
én,pYT: f,:pp exp (—ig/ds 'n-Aus(Z";)) =£ Pexp Zg/ds n- Aus(xﬂ)) + YT
- 0 >
V= ool de, ~Fo (c Frn At) =16

0
bnp Y= {;p,P' exp (—-fig/ds nAm(:L'f;)) = ¢, yPexp (—'ig/ds n-Aus(z‘;)) = _;’p,Y_T X
—00 —00

This is in agreement with the Y = Y_, Y1 = Y! ¥ = ¥, V' = Y] used in [61] for the
production and annihilation of antiparticles and the annihilation and production of
particles respectively. The results in Eq. (2.75) reproduce the natural choice of hav-
ing incoming quarks/antiquarks enter from —oo, while outgoing quarks/antiquarks

extend out to +oo.

Although the choice in Eq. (2.74) agrees with the i€¢’s in Fig. 2-10 it causes com-
plications in the attachments of usoft gluons to internal collinear propagators. With
Eq. (2.74) we have s}, # So. Now the field redefinition still induces factors of Y]Y_ =1
and YIY+ = 1 in production and annhilation terms in the collinear Lagrangian, but
it also induces factors of Y_IY+ =Y, and Y1Y_ = Y} in quark-quark and antiquark-

antiquark terms in the action, where

+o0
Y, =Pexp (z’g ds n-Aus(a:g‘)) . (2.76)
-0

When usoft gluons attach to a collinear propagator with endpoints z and y we must
end up with a finite Wilson line Y (z,). In the original collinear Lagrangian (prior to
the field redefinition) this finite Wilson line is generated by the time ordering of fields
in the usoft gluon interaction vertices. If a field redefinition is made with boundary
conditions satifying s}; = 3y then the vertices bordering a collinear propagator induce
Wilson lines whose sy dependence cancels, leaving this same finite Wilson line. For

example, with s = —o0, Y (—00,z)Y(—00,0) = Y(0,z). A choice like that in
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Eq. (2.74) is more complicated since it violates hermiticity: (&,)' = & prior to the
field redefinition, but this is no longer true for the &, and £, fields after the field
redefinition. Correspondingly, the term in the action determining the free propagator
depends on Y. Thus, in this case there are Y factors in both the propagators and
vertices which must be taken into account in order for the path ordering not to conflict

with the result from time ordering, and give the same finite Wilson line.

Let’s adopt the choice in Eq. (2.71) rather than Eq. (2.74) and check that the
theory with the field redefinition in Eq. (2.45) still correctly reproduces the results in
Fig. 2-10 for this case. Here we have Y =Y, , YT = Y] for particles and antiparticles.
Thus, the correct ie’s are obviously reproduced for the incoming collinear lines as
well as intermediate propagator states. On the other hand, the result for an outgoing
quark seems to have the wrong factor since £ comes with a Y! rather than a Yl.
However, with the standard definition of an outgoing state there is actually an extra
Y, induced by the field redefinition on the out-state itself. When we take this factor
into account we have Y, Y. = Y;[ as expected. To see this, recall that an outgoing
collinear quark state o, (P] is generated by a suitably weighted integral over (0|} (z7),
in the large time limit 7' — oo for z7 = (T, Z). When we make the field redefinition
this field, & (zr) generates an usoft Wilson line which extends from our reference
point sp = —oo to the fi-z point for our asymptotic outgoing state (which is +oo for
T — o), namely a factor of Y,,. A similar argument applies for outgoing antiquark
states, where we get Y, Y] = Y_. The same considerations must also be made for
hadronic bound states where they apply to the interpolating quark/antiquark fields
used along with the LSZ formula to define the outgoing state. The factors of Y,
are universal, independent of which out-state we choose. There are no additional
factors for our incoming states since our reference point and T = —oo coincide,
Y (—o00, —00) = 1. Once the Y, factors are taken into account, the choice in Eq. (2.71)
correctly reproduces the path for outgoing quark and antiquark lines. If we had
instead made the choice for so in Eq. (2.72) (which also satisfies s} = ) then we
would have YA factors for incoming antiquark’ states and outgoing quark states, but

the final outcome is the same. Thus the complete result is independent of the s

57



choice.

The above discussion covers usoft interactions from the collinear Lagrangian, but
it is also worth remarking on the interactions induced by the field redefinition in (pos-
sibly non-local) operators that are not time ordered. We continue to use Eq. (2.71).
Here again, the identity Y'Y = 1 is important in order to prove the cancellation of
usoft gluon attachments. It is convenient to adopt a convention where one collects
the extra factors of Y, induced from outgoing states together with the Y1’s from
production fields in these operators. In this case if we consider J(z) = £t ¢, for
the production of a collinear quark and antiquark, then instead of writing only the
Y! and Y, from the fields we write J — &F YJI RY_& = & & which includes the
Y’s from any out-state this current could produce. Here the usoft interactions in the
Y and Y lines extend from  to co and cancel. For the annihilation of a quark and
antiquark the lines extend from —oo to z and also cancel, namely Y_fY+ = 1. These
two cancellations are often sufficient to ensure the decoupling of usoft gluons. For
example, in exclusive processes we must have color singlet combinations to connect
to incoming or outgoing collinear hadrons and so we can typically pair up £ and &7

fields in the hard scattering operator and make the cancellations manifest.

If we instead consider an inclusive process like DIS then we have a quark scattered
to a quark (we consider generic Bjorken z < 1 in the Breit frame). In this case includ-
ing the Y, from one outgoing quark in the final state gives & & — &MY Y, &
where the Wilson lines do not seem to cancel. Here in order for the cancellation of
usoft gluons to take place it is important to either a) take into account all factors of
Y., from the outgoing proton state, or b) include the Y, from one outgoing quark
state but note that we are only matching cut diagrams for this inclusive process. The
choice a) or b) depends on whether we want to take the imaginary part at the very
end, or from the beginning. For b) the effective theory computation has the imagi-
nary part of the hard computation, but the imaginary part also effects the collinear
operator, where we can denote the cut by a vertical line, | With our initial state for
the T-matrix taken on the RHS of the cut, the signs are as in Fig. 2-10, but on the

LHS we have the complex conjugate of these expressions, and the above computation
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becomes

(&)|(#en) = (EYD)|(#Y1&n) = &t &n. (2.77)

Thus, the usoft gluon interactions also cancel in this case. Alternatively, with a) one
must keep track of all the lines in the full forward scattering calculation including VAL
factors from all initial and/or final state quarks, and then the Y’s in the low energy
theory again all cancel. Both ways we arrive at the same final result, (Im C)¢&, ¢,
(see Refs. [14, 122] for a discussion of DIS in SCET). Similar considerations can be
applied to B — X, in the endpoint region. The sy dependence cancels, and for this
process we are left with a finite usoft Wilson line, A, (z)Y (z,0)h,(0).

To summarize, keeping careful track of the boundary condition s, dependence in
the usoft Wilson line Y, a choice satisfying sp = 's’(’; appears to be the most natural
(even though there will be additional Y,, factors from states). Physical results are
independent of the choice made for the sy reference point. They may still depend on
the path of Wilson lines in the final result, but this is determined by the universal
class of processes described by the operator rather than the choice of sy in the field
redefinition. Similar conclusions hold for the path dependence in collinear Wilson lines
W. We note that with respect to the definitions of the gauge invariant structures made
in Eq.(2.50), the remaining allowed global color rotations simply correspond to color
rotations at the reference point. We will pick the same reference point in W and Y
factors. For example, the gauge invariant product of fields (Y h,) carries a color index
in the 3 representation, which by convention is acted on by global rotations U(sy),
via (YTh,) — U(so)(Y'h,). These color rotations still connect invariant products of

collinear and usoft fields.

2.5 Soft-collinear effective theory II

The focus of section 2.4 was SCET}, which can be used to analyze B decays involving

energetic inclusive hadronic jets, such as B — X,y and B — X0 in the endpoint
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region. SCET is also a powerful theoretical tool for separating scales at and below
mp in B decays to final states with ezclusive energetic hadrons. The subject of
Chapter 4 is the decay B — M, M, where M; and M, are light pseudoscalar or vector
mesons (7, p, K, K*...), and this section is meant to provide the additional necessary
background. As in the inclusive case, exclusive B-decay amplitudes are most easily
calculated in the B rest frame where non-perturbative modes with typical momenta
~ A interpolate for the initial state B. In B — M; M,, the final state hadrons M; and
M, are back-to-back with energy Ej = mp/2 > Aqep. Collinear fields in the light-
like direction n interpolate for one light meson, and collinear fields in the opposite
direction 7 interpolate for the other. Unlike the SCET] collinear modes, which have
p? ~ QAqcp, these collinear modes are non-perturbative with p? ~ A2QCD since they
interpolate for exclusive light hadrons with mp ~ Agcp. They are contained in an
effective theory called SCETy; [23]. We begin by describing the SCETy; degrees of

freedom, power counting, and Lagrangian.

2.5.1 Degrees of freedom and Lagrangian

This section parallels the development of the SCET| degrees of freedom in sec-
tion 2.4.1, skipping many of the steps presented there, but emphasizing the most
important differences between SCET; and SCETy;. Consider a light meson M with
mpr ~ A where A ~ Aqep = 300GeV is the non-perturbative/hadronic scale of QCD.
In M’s rest frame, pyy = (myy, 0,0,0), the constituent partons of M — gluons and light
quarks and anti-quarks — have homogeneous typical momenta ~ A. As in SCET}, we
decompose four-vectors into light-cone components (p*,p~,p*) using auxiliary vec-
tors n = (1,0,0,1) and 7 = (1,0,0,—1) as in Eq. (2.24). The meson momentum has
components (mys, M, 0) and the typical parton momentum is (A, A, A). Now boost
M by a factor e* = Q/myp in the +2z direction, keeping the same n and #. Then
pu has light-cone components (m2,/@Q, @, 0). The constituent partons of the boosted
M are described by boosted versions of rest-frame constituent fields. Their typical

momenta are
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where n ~ A/Q is the SCETy power-counting parameter and we take my ~ A.
SCETy1 n-collinear quarks and gluons have p, ~ Q(n?,1,7) and interpolate for the
n-boosted meson M. In B — M; M, we also need nearly-light-like non-perturbative
modes in the opposite direction to interpolate for the other final-state meson. #-
collinear momenta scale like Q(1,7%,7). (Technically, we use n; and n; to mean the
physical directions of the light hadrons, information contained in external states. In
that case, n and 7 define directions of SCET operators and we sum over all distinct
n in the effective theory.) Just like in SCET], collinear fields in SCET}; are labeled
by their collinear direction and their large momenta, and the z dependence of the

labeled fields carries the residual momentum dependence.

To reproduce the infrared structure of QCD, we will also need to include modes
with homogeneous momentum components ~ A, SCETy; versions of the ultrasoft
modes in SCET], which will again interpolate for the initial state B. In terms of the
SCETy power-counting parameter, however, these modes have typical momenta ~ Qn
so we call them soft instead of ultrasoft. Soft modes have an n - p; ~ @Qn component
which is parametrically larger than n - p, ~ 7%, and a 7 - p, ~ Qn component which
is parametrically larger than 7 - p; ~ n?. To maintain manifest power counting in the
effective theory, we split soft momenta up into large label and small residual pieces,
much in the same way that we did for collinear momenta. We even introduce a soft
label operator that behaves in an analagous manner to the collinear label operator.
We use the same symbol P, but it is always clear which label operator is meant by

the context.

In contrast to SCET}, all SCETy; modes are non-perturbative, p2 ~ p2 ~ p? ~ A2,

They are well-separated, however, in a variable

G=p/p. (2.79)

The SCETy; degrees of freedom needed for B — M; M, are summarized in Table 2.2
and Figure 2-11.

Recall that in SCET], an ultrasoft and collinear momentum sum to a collinear

61



Type (p*,p,pt) & Fields Scaling
n-collinear Q(n%,1,7) n72 o : n
(e mdasl | indm
n-collinear  Q(1,m%,7m) 7 Erp Ui
(Af., Anp Az,) | (L)
soft Qmmm)  1° Gen i i
A{_sl. n3/2

Table 2.2: Power counting for SCETy; fields.

P™A SCETy

2
p2 = AQCD

2
on‘
B a—— >

0 2 0 p +
On~ 9n  QOn
Figure 2-11: Degrees of freedom and momentum regions for SCETy; for B — M; Ms:
n-collinear (c,), soft (s), and 7i-collinear (c;). All three lie on the solid (red) curve
p? = p*p~ = Adcp. Also shown (in pink) are three regions of perturbative momenta,

two with hard-collinear momenta (hc,, hc;) and one where the momenta are hard.
Figure from Ref. [124].

momentum (A2, 1,X) + (A2, A2, A?) ~ (A2,1,)). In SCETy, adding a soft and an
n-collinear momentum gives a perturbative n-hard-collinear momentum, pp._, ~
ps + Pn ~ Q(n,1,n) with p2_, ~ QA, that lives outside the theory SCETy;. This
greatly restricts the form of soft-collinear interactions in SCET};, which must con-
serve both soft and collinear label momenta. All soft-collinear interactions within
SCETq must involve two or more soft fields and two or more collinear fields of the

same type. Interactions via perturbative hard-collinear parton exchange are treated
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perturbatively in SCET}, and interactions via perturbative hard parton propagators
are treated in the full theory, QCD.

SCET}; for exclusive B decays is obtained by a two-step matching procedure [24].
First, QCD is matched onto SCET] at a scale u ~ mg, as described in section 2.4. The
BPS field redefinition [22], Eq. (2.45), moves all usoft-collinear interactions into ul-
trasoft Wilson lines Y and Yt in operators. At the intermediate (hard-collinear) scale
p ~ /@K, we perform a perturbative matching of SCET; with usoft and collinear
fields, onto SCET}; with soft and collinear fields. For local operators, the matching
simply means renaming ultrasoft fields soft, and changing the scalings of fields and
momenta accordingly. Examples of such a local matching are given in sections 4.3
and 4.5. Matching SCET] time-ordered products onto SCETY; is a little trickier. One
must contract gauge-invariant blocks of fields in SCET] to ensure gauge invariance in
the SCET]; operator. An example of this sort of matching is carried out for a class

of n-suppressed contributions to the B — M; M, amplitude in section 4.4.
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Chapter 3

Heavy-to-light currents in SCET

3.1 Introduction

Heavy-to-light currents, J = gI'b, are important for describing a broad range of pro-
cesses with SCET, including both inclusive semileptonic and radiative decays like
B — X, tv and B — X,y (13, 15, 22, 17, 45, 111, 46, 34, 109, 62], exclusive semilep-
tonic and radiative decays such as B — w¢v and B — K*v [15, 59, 35, 23, 130, 58,
37, 108, 87, 29], and exclusive hadronic decays like B — 77 [60, 19, 31, 79]. Here,
we consider higher order RPI relations for heavy-to-light currents in SCET; with
ultrasoft and collinear fields.

RPI constraints on subleading Lagrangians and tree-level currents to O()\?) were
derived in Ref. [35] (and verified in [111] for a basis with v, # 0). At O(})), the
extension to a complete set of heavy-to-light currents constrained by RPI relations
including currents that appear beyond tree-level was made in Ref. [130]. At this or-
der, all Wilson coefficients are constrained by RPI except for one scalar, four vector,
and six tensor currents, for which the one-loop matching was done in Ref. [39] and
independently in Ref. [28]. For the currents that survive for v; = 0, the O(\) RPI
relations were verified in Ref. [96]. To simplify the computation, they considered
constraints restricted to the projected v; = 0 surface (from the RPI-x transformation
defined earlier in section 2.4.4) since this involves writing down fewer operators. At

O()?), the allowed set of field structures for the heavy-to-light currents was deter-
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mined in Ref. [34]. Four-quark operator currents first appear at this order.! The
type-II RPI invariance was extended to include light quark mass effects and provide

constraints on certain m, dependent operators [62].

Our main objective in this chapter is to derive the complete basis of currents at
O()\?) by constructing a basis that is valid at any order in perturbation theory and
including all RPI relations. Results are derived for use in the v; = 0 frame (and we
take m, = 0 in all currents). For the O(A\?) heavy-to-light currents, we show that
transformations on the projected surface v; = 0 give the complete set of relations for
currents defined on this surface (see section 3.2.4). By eliminating the field operators
we show that it is convenient to consider the RPI relations as constraint equations of

the form

> Bi(wr) TP = Cjwy) IY, (3.1)

ik Y
where B; and I'? are Wilson coefficients and Dirac structures for operators that ap-
pear at some fixed order in A, and C; and I'C are terms that appeared in operators
from lower orders. By deriving these constraint equations in section 3.2.2 prior to
searching for their solutions, it becomes easier to simultaneously consider the restric-
tions imposed by the five different types of RPI invariance from both SCET and
HQET, since each gives a separate constraint. A simple counting procedure is given
for determining all possible Dirac structures prior to imposing the RPI conditions.
The solution of the constraint equations in section 3.2.3 give relations between the

B; and Cj coefficients and determine the allowed Dirac structures T2 in terms of I'§.

1In the most common decomposition the Wilson coefficients of the four quark operators start
at O(a?), so these operators are not needed if the basis is restricted to LO in a, (mp), such as in
Ref. [111].
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3.2 Heavy-to-light currents to O(\?)

To order A2, the operators and Wilson coefficients for the heavy-to-light currents can

be written as

J= JO 4 g0 4 j@ (3.2)
= ) /dij(w,m,u)J}O)(w,uHZ / [des] Baj(wi, m, 1) I (wi, 1)
J .5

£y / (] A (w22, 1) I (1, 1),
z,j

where J*)(w;) represents the O(\¥) terms with dependence on convolution param-
eters w;. Here the subscript z distinguishes distinct field structures at a given order,
and j sums over distinct Dirac structures. At O()) we know that there are at most
two relevant convolution parameters ¢ = 1,2, while we will see below that at O()\?)
there are at most three. We will consider both scalar, vector, and tensor currents (and
the simple extension to the pseudoscalar and axial vector cases). When necessary we
add an (s), (v), or (¢) superscript to the Wilson coefficients in order to distinguish

these cases, e.g. BY.

We begin in section 3.2.1 by constructing all consistent field structures for the
NNLO currents. In section 3.2.2 we use reparameterization invariance to derive the
constraint equations for these currents under different types of RPI invariance on
the vy = 0 surface. In section 3.2.3 we solve the constraint equations to find the
allowed Dirac structures and obtain relations among the Wilson coefficients. Finally,
in section 3.2.4 we show that the results from the v; = 0 surface are equivalent to

those obtained if all relations in the full space were projected onto this plane.

3.2.1 Current field structures at O(\?)

We first construct a basis of currents that is consistent with gauge invariance and

power counting and eliminate structures that are redundant by the equations of mo-
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tion and Bianchi identity. At LO and NLO the currents are

JO (w) = XnwlHy,

1
J(la) (W) = ; Xn’w’PaLT e?a)Hv

1 )
T (wp) = EX",WI(ZgBi)WZG&)HU'

(3.3)

At NNLO we find that a convenient basis for the set of field structures for the bilinear

quark operators is

1 :

T (W) = o Xnw T )i Dys o Ho
n-v -

T w) = —— Xnw it DusYyMo,
1

J(2c)(w) =T Xn,wZDi-sa T?C)H” ’

1 _ o
T8 (w) = — XnwPa POy,

1
(28) _ _ . 1 _L“' aﬂ
JE N wn2) = —m(w1 o) Xnw: (198 )wzpﬂ T(e)H"”
(2f) Wa Pé_ Pbu 1 B
W 8 B . Q,
JE N wy2) = m(on + ws) Xnw ( W + wr >(ZQBG )“"2T(f)H” ’

1 _ ) . 1
J(Zg)(wlﬂ) = — Xnwi {(zgn : B)wz + z(ng-L)wz : PIE}T(!))H” ’

1 _ . . «,
T (wy 53) = (s T o3) X (1985 )ua (1982 ) Tt oy
| 1 By (o f X
T (wn25) = mﬁ[(ng’é Jos (1985 )us] Xnaon Yy Ho -

For a basis of four quark operators we take

J(Zj)(wl,wg,wg) = Z [)_Crfz,ng(J'x)eru,wa] b—(n""l TUH)HU] ’
f=u,d,s

T (w1, wa, ws) = z [)_Cyfz,szAT(kx)Xi,wa] [)_(n,wlTAT(k’H)Hv]
f=u,d,s
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where the matrices T4 are generators of SU(3) with an implied sum on A and x/ has
a collinear quark with flavor f, whereas x, carries the flavor of quark from the full
theory current. We impose the RPI type-III invariance in Eq. (2.62) on all operators
by multiplying by an appropriate power of n-v. The basis in Egs. (3.3,3.4,3.5) is valid
whether or not we take vy = 0. The v; = 0 choice only effects the basis of Dirac
structures.

The 11 operators in Egs. (3.4,3.5) can be compared with the 15 field structures in
the basis of Ref. [34]. We have no analog of their Jl(’zz,),&-, currents which have an explicit
z# because with momentum labels the multipole expansion is performed directly
in momentum space [119]. Correspondingly, our J® and J®?9 currents have no
analogs in their basis. There is a correspondence, J?424) « J&), J(2e2129) o, Jé’zg,m,
J@i228) o J@) - and our J@*) encodes their J& and J$) currents.

In arriving at Eq. (3.4) we have used Eq. (2.48) to switch to a basis with P, ’s, ind,
and field strengths rather than collinear covariant derivatives in order to give simpler
constraints from RPI. The basis with covariant derivatives is more natural from the
point of view of tree level matching and the relation between the two is discussed
in section 3.3. The prefactors in J?2=2) have been chosen with these relationships
in mind, in order to make the matching coefficients for the operators simple. The
combinations in J(2/:29) were chosen because they have simpler transformations under
RPL

Structures were also removed from Eq. (3.4) using equations of motion and the
Bianchi identity. In the effective field theory this gives a valid basis at any loop order.
After decoupling the usoft gluons the LO Lagrangian for collinear quarks is [22]

Lo = Zn%('n-Dc + igpjw-;_;w*iwj)fn = 7% (in-Dc + @i%@i)xn ,(3.6)

so the equation of motion for x, can be written
: . ot 1
in-Oxn = —(ign-B)xn — z@j—:z@j Xn, (3.7)

where using Eq. (2.48) the last term can be written as a sum of terms with either
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two P, ’s, two (igB1)’s, or one of each. Eq. (3.7) shows that a a current )‘(nin-(ghc’}iu
is redundant by the collinear quark equation of motion and need not be included in
the list, explaining why we only have J®) and J2¢). (Note that in-Dy,Xn = in-0xn.)
As noted in [34], this makes their J& current redundant. In J@% we have restricted
the ultrasoft derivative acting on h, to be purely transverse since the heavy quark
equation of motion is v - Dy, h,=0.

One can also consider using the collinear gluon equation of motion. After the field
redefinition in Eq. (2.45), the lowest order collinear gluon Lagrangian is the same as
in QCD [22], £ = 1/(2¢?) tr{[iD*,iD?]}2. Varying £ + £ with respect to the

collinear gluon field A4 ., and contracting with n, T4 gives

— = A
O—n”T m

1 -
= 7 [iDar, DL, iDY]] + 9T 3 ETAREL. (3.8)
f
Next we multiply by WT on the left and W on the right, use the identity (WiTAW)®
T4 = T4 ® (WTAWT), and label by w, to give

2TAZ I T4x]],,, = ([iDa, [iR-D,,iDY])) . (3.9)
2
= —;—(zgn -B)u, — waPy (1987 ), — Zws (198 )wzws» (1985 )us) -

Multiplying by Xn ., on the left and I'H, on the right where I' is some Dirac structure
gives
2

%2" Xnw (ign-B)u,,IH, = _92 Z [)-(’-rfl,wz—wsTAﬁX£,w3] [Xn,wlTAFHv] (3.10)

fws

+ w2 Xn u;P (7ngJ_)w2FH + Zw3 Xnw [(ZgB_L) we—w3) ('I‘gB )ws]

w3
This result can be used to eliminate the current J?9(w, 5) in terms of J) and J(2)
if desired. We have chosen not to remove this operator since doing so would induce a

(2k)

tree level matching contribution for J'“®. For listing results it was more convenient

to leave all four quark operators with coefficients that start at one-loop order, O(a?).
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Since Eq. (3.10) eliminates a current that will not show up in the constraint equations

it does not effect the discussion of RPI relations.

The Bianchi identity in QCD is D,G,, + D,G,, + D,G,, = 0. It can be used to
eliminate terms proportional to igBY"| = [¢D/,iD¥] or
1
igBY, = [5WfigBﬁW] , (3.11)

in terms of factors of igB3} or igB?} = [in-D,iD}]. The Bianchi identity gives [7-

D, B’ ] = [D,BY] — D4, Bf] so using Eq. (2.48) we have
oy P PY o L e L o
(igBY1) = 25-(4B1) — 5-(igB1) + 3 [(i9BY), (PigBY)] - ;[(iBY), (PigBL)]3.12)

Thus a heavy-to-light current with (igB/}"| ) can be matched onto a linear combination

of J@/2) and Jh) with antisymmetric indices in T?’f)

3.2.2 Constraint equations from reparameterization invari-

ance

We derive constraint equations for the allowed subleading currents considering the

different types of RPI in turn.

RPI-x at O())

To set the stage we review the constraints at O(\) from SCET RPI. To ensure that

the next-to-leading order current is RPI-x invariant, we must have

530 JO 4 60950 = 0. BNCRE)
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Computing the various terms in this equation gives?

591) J(O)(w) = )_(n,w(i‘ﬁ AT+ 6£A1)F)Hv,

0 +(1a 1_ 1, 1= Aa
500 J19) () = ;Xw(-—éAt’P )0%Hy

8O0 J10) (4 5) = 0. (3.14)
The terms that must cancel all have a common dependence on ¥,,., A%, and H,

which can be factored out. The remaining coefficients and Dirac structures give the

constraint equation:

[+ 4 1 (s (s}
> Bej(@)03y = ) Ci(w) (5 %’h% +25; F(j)) (3.15)
J J

where the index a is 1, j sums over Dirac structures, and 6JT';) is defined through

1 o
60T = — AT (3.16)

RPI-$ at O()?)

The only terms in the current whose transformation under RPI-$ leaves uncanceled

terms are J© and J2® . We must have

2 0
8O JO 4 g3 @) = g, (3.17)
Now,
— — r
50 JOW) = xal -1 B P8 (w = - 0P ) THy + T [05T + —g’-’-’ |H.,
0 1
5T W) = 5~ Xnw oy (=5 S Hh (3.18)

2Note the remark on our use of notation at the end of section 2.4.4 that explains why we do not
include the transformation of Y.
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Suppressing the common fields X ., Hy, and vector 3% leads to the constraint equa-

tion

j

ZA,,,-(w)Tg,j) = Z {c (w)(263T ) + Tiyve) + A= d ~C; (w) r(,)} :

where

2
6 Tuy=Br8Ty and 75 =197 — o

SCET RPI-a at O(\%)

(3.19)

(3.20)

The terms in the current that transform under SCET RPI-a are J©, J(19) j@) and j@e),

We must have

2 1 a 0 0
SO JO 530 Ja) 4 §O7) @) 4 §0°) @) — g,

Now,

O JO (W) = %, [-nvi-£8(w-— n-vff)]F’H
5‘(1)\1)](10) (w) — l Xn " eJ. @(a)Hv :
5O () = -0 5 YA OH,,

1
0 —
5‘9 ) J(2C)(w) === Xn W T (EH,.

This leads to the a constraint equation between O(\2) and O(\°)

Z A (W) Ty = ch (W)L

and a constraint equation between O(A?) and O())

Zch (W)Y = Z Baj(w)O;) -
r 7
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(3.22)

(3.23)

(3.24)



SCET RPI-x at O(\2)

Under RPI-x we must have
509 7O 4 50D 70 4 609 1@ = o, (3.25)

Many of the currents transform under this form of RPI:

50D IO (L) = —% {zgzﬁlm( Ui +igBL- AL(P) ]+1bl4&f )}5(0.1 n-vP)

~A) - Pl(Av) §(w-n- vft)}F’H,,,
1 1
60T (w) = ~ Xn,w{Pi (Ml@a) +0065, ) + (uf'AL P "Tew}H

1 A
FO JI) (1, ) = r_n—x"“’l {ZQBL (7‘ L ga )+5(,\1 (b)) + (A-v)® Ay -(igBy) nf@‘(’b)} H

w2
6&\0) J(2a,2b,2c) =0,
0 (n v) _ 1 1
60T (w) = 2 o (~5 08P - SPHAS )M,

1

5% j(2e) -
* (w12) m{wy + we)

Koo (1982 (~5 857 T35 7,

6£)\0)J(2f,2g,2h,2’i,2j,2k) =0. (326)

The terms in Eq. (3.26) can be grouped into two unique field structures, [)‘(n,wAj'P; < Hy)
and [Xn,wAiBL --+'H,], which must cancel independently. This gives two constraint

equations. The terms proportional to Ai’Pﬁ give

> Aa(e) (X5 + 105) = 3 { - CiiiT6) - WO w)g2 Ty }
J

T
+ Z B(w ( 150, + 20700, + 27167, ).

(3.27)

From Eq. (3.15) we know that the index o on ©f,; must be L so the last term

vanishes. Inserting Eq. (3.15) also simplifies the nonvanishing terms. Finally we
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know that ngﬂ is symmetric in o and 8. With these simplifications we have the

constraint equation

Q ]‘ a ! s} 1 ﬁ o
ZAd,-(w) Yo=Y { = 5CiWNiTg) - wCi(w)giTy) + 5Ci(@)=—716T (j)}
J

3

+ Z B,j(w) aae(a])

(3.28)
Since the LHS is symmetric in af, all terms on the RHS that are not symmetric
should cancel. The terms from Eq. (3.26) that are proportional to A;Bj give another

constraint

ZAe] wl,wg (eJ) ZC w1 +QJ2)(
T

ji o
+ Z Byj(wn, wz)( ’Yle(b]) +20 e(b)) + 29¢ (ba))
i

(3.29)
In Egs. (3.28) and (3.29), the indices o and 3 are purely perpendicular. The equation

2m
7_]_7_[_ + "‘.‘IJ_ )FO)

that defines 6207 is the same as Eq. (3.16), just with the ©7 Dirac structures.

3.2.3 Solutions to the constraint equations

We now find solutions for the O(A?) constraints in Egs. (3.19,3.23,3.24,3.28,3.29).
Note that by careful construction of our operator basis we have ensured that each
equation gives a constraint on a different NNLO operator.

Egs. (3.15,3.19,3.28,3.29) have implicit spinor indices, one or two vector indices,
and a sum in j over independent structures. Since all of the equations appear be-
tween [£,---H,] they are only valid when the spinor indices are projected onto a
4-dimensional subspace, rather than the full 16-dimensional space of Dirac structures.

It is useful to exploit the following method to determine how many independent
Dirac structures we should have for each operator. Start by consider the three minimal
structures that appear in the trace reduction formula, Eq. (2.52), namely {1,vs,7$}.

Next for each case write down all possible scalar objects (v*, n#, g, ...) to saturate
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the Lorentz vector indices coming from derivatives in the operator and current indices,
taking into account any symmetries. To satisfy parity and time reversal with s, we
will need to have an e-tensor, such as i€e/” 5. As long as the scalar objects are linearly
independent these steps give a complete basis.

At O(\%), a complete basis of Dirac structures for scalar, vector, and tensor heavy-

to-light currents is [15]

n“ 1 1
Tpy=1, I* _{ L G, __{';w,IuVI,___[#v}___[uv}.
) (13 = " v (-9 T\ VL TR L Y

(3.30)

At O()), there is no constraint on J(¥, and Eq. (3.15) constrains the J19) currents

in terms of J©. To impose this constraint we need

8Ty =0, 5Tt , =0, sty =g, (3.31)
8T =0, 0,1 = 'y["gJ”_]“, 07T = gj"_[“ Y,

The constraint equation causes some Dirac structures to always appear in the same

combination. We find

@ = 3770 by =71,
1 it
Or—z = {2n ,U’Y_L{'Y vt} ’h”“""?g } ,

(8 n (47
@(bl —4) = {’YJ_{’Y”,’U”,E},Q_L“},
o, = {5_——7"{10“”,7“‘1)”]} @7“7“‘ 1 _ 9g5ly] %ﬁn[“v”‘+29§[“v"]},

O%ile) = {'Y_Lr(l 4y gi[”')"’] gi“‘v”]}, (3.32)

where I"(1 4 are given in Eq. (3.30), which is in agreement with Ref. [130]. This basis
is equivalent to the one in Ref. [130].3> We take ©,; terms with no 7 so that this choice

3Note that a structure g5*n*! is redundant in 4-dimensions [39, 96].

76



does not need to be modified if we enlarge the basis for v, # 0 (see section 3.2.4).
With Eq. (3.32), the constraint Eq. (3.15) gives relations for the Wilson coefficients

in the J(9 current
BYw) =CPw), BY,w)=C"%w), BY,(w)=CPw). (333)

These results agree with Refs. [59, 35, 130].

At O(A%) we must solve Egs. (3.19,3.23,3.24,3.28,3.29). From these equations we
see that the currents J@, J9) j@h)  j@) and J@*) are not constrained. The
currents Ja) J@) @) and J@ are all related to the leading order current J©.

Finally the currents J2e are related to the currents J© and J).

To solve the equations we will need

vlo

v vio 14 =0 14 (-4 vV 1
63T =0, 6Tl = Wg,_,,l : 501“';3) = nqtn, TG = ngnlol + —nlgll”,

where 73 = —(7i-v)*ng. We will also need
seef oy I 3.35
6 = 791 MV (3.35)
o 9{1‘123) —g¥’nv g 2 P(123)+’7J.‘5 Tli2s) o, 8(b4) g5’ ,2;}:

it v 1
50[@65”2 34) = giﬁ nvy I‘(1 234) T 'YJ_‘Sg Fﬁ 2,3,4) 7 oy 9’(31,’2')' = giﬁn!.ll“ 7,

a v 1 14

where o3 were projected onto L directions. Note that 70O ,;) are easily obtained

from these. The constraints in Egs.(3.23,3.24) have a particularly simple solution:
Apj(w) =wCj(w),  Agj(w) = Baj(w),  Tep =T, T) =Ow)- (3.36)

Solutions to the other equations are slightly more involved. We present solutions to
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the constraint equations for the scalar, vector, and tensor currents in turn.

Solutions for scalar and pseudoscalar currents at O(\?)

The RPI constraints do not effect the allowed Dirac structures for scalar currents, so

we have the complete sets

e _ o n% T =7 =1 Yo — 1 ﬁ’ a
(@1,2) = Y1 nol’ (1) = L(g1) = +» (1) = _2-7"1-1)7""
o _ _of 8 _~af  _~aB __ ~af o
Ty =91 » T2 = Tir2 = Ting = Ling = {207, v547}. (337

For the four quark operators, there are three possible Dirac structures in the ¥, - - - X»
bilinear, {#,#vs, #7$}. In performing the matching onto SCET at a scale ~ m;, the
light quark masses are perturbations, and for matching onto the O(\?) four quark
operator we can set m, = 0. In this case, chirality rules out the 7§ structure which

connects right and left handed quarks. A complete set of structures is therefore

t it
(T@T) 10y = (TOT) g = {% ®l, —7"®°}. (3.38)

fi-v
To solve the RPI-$ constraint, we insert the Dirac structures Egs. (3.30,3.34,3.37)
into Eq. (3.19). Satisfying this constraint requires a relation on the Wilson coefficients
AJw) =0 w) AZ (W) = w0 (). (3.39)

The solution for the SCET RPI-a constraint equation in (3.36) gives

AP (W) = wC* (W) A (W) = c(w). (3.40)

[

To solve the SCET RPI-x constraints in Egs. (3.28,3.29), we need the additional Dirac
structures in Eqgs. (3.32,3.35). On the RHS of Eq. (3.28) we observe that all structures

that were not symmetric in @8 cancel, in agreement with the symmetry of the LHS.
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Solving the equations, the relations on the Wilson coefficients are

AR (W) = ~wCP' (W), (3.41)

m
A (wr2) = "o O (wr+ws),

m

oy Ot = B (1)

A (wg) = -

The following Wilson coefficients of scalar currents are not determined by the RPI

constraints

A wi2), AD(wiz), Aly(wiza), Ay(wizs), A, a(wips). (342)

Since the light quark in the full theory current retains its chirality in the effective
theory current, the results for the expansion of the pseudoscalar current, gysb, are
simple to extract from those for the scalar case, gb. The Dirac structures for pseu-
doscalar currents may be obtained by multiplying Egs. (3.37,3.38) on the left by ~s
and 1 ® +°, respectively. The constraints on the Wilson coefficients of these currents

are then identical.

Solutions for vector and axial-vector currents at O()\?)

The analysis for the scalar current can be extended to the vector currents, where the
extra Lorentz index makes ensuring that the Dirac basis is complete slightly more
difficult. We use the method discussed in section 3.2.3 to count the number of terms
in the Dirac basis prior to imposing the RPI constraints. For the case of T2 the

index o is transverse to v and we have

L {gr" gt g0}, s e}, o {n* 0"}, A {ng}, (343)
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which has seven elements. The counting for the T} ., cases are straightforward. For

T2%* the indices a8 are L and symmetric. We have

1: {gfPnk g0}, w:{-}, e {e?), AP B4

so there are four elements in the basis. Finally, for Tz‘% ; we have

1: {g%n*, g%}, s (5P iePv"}, A% {0} (e} AL (e,
(3.45)

so the basis has seven elements.

For computations, a different basis choice is slightly more convenient. The inde-
pendent Dirac structures appearing on the RHS of the constraint equations reduce

the basis for T7* {a1-7} by one further element. For the vector currents we find

T o= yh v+ 207, g, {0, — .

= (o, oo, o T (3.46
n# 1 #

T(bl ~3) _T(gl—3) - {’Y v "n- ’l)} ’rl(‘cl—fi) = {2 ’Y.L{’Y v } .Lnu+2g_la_u}7

7i o
T?ﬁ”_‘l) { {’y H —} ’)’{ gf}” ,
o n“ 1
T(ﬁ“_n={ WLk, vk, ——} Ve { ¥ vt } e ngl }
e 2937 {v*, v*, e Fo ey {H ot -n—} S
(f,hil=T7) — 1 v vt Y19

The index symmetrization means 7}_ gﬁ W= 'y‘j‘_gf_“ + 7y lg . In Eq. (3.46) we have

used Eq. (2.52) to remove redundant structures.

The operators J?%252¢) bear some similarity to the complete basis of six 1/m
suppressed heavy-to-light currents in HQET [77, 78]. The differences are due to
the fact that for a collinear light quark we have the vector n* available to build
additional structures and from the fact that working in the v+ = 0 frame, we do not

. - <_—
need operators like ¥niv- D1TH,.
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For the four quark operators, a basis of Dirac structures is

nH
(T®T)Ul -6) (T®T)(k1 -6) {%®{7y:”“,n_m}> ﬁ—ii)’)"r’@’ys{’y",v" —-}}

(3.47)

Here the counting of the number of independent structures proceeds in the same way
as for the bilinear operators, except that we start by writing down minimal structures
for the four quark operator where we impose the correct chirality on the purely
collinear fermion bilinear. For J®) we start with six structures, {# , #s}®{1, 15,72},

and find that only the six terms

p®1: {v"n'},  E®Y {1}, Au®17:{ie?}, O {v*n4},
(3.48)

are allowed, which we swap for the basis in Eq. (3.47). The analysis of discrete
symmetries for these currents is similar to that of the four quark operators in the

HQET Lagrangian [42].

Using Egs. (3.30,3.34), the relations for the vector current coefficients obtained by
solving the RPI-$ constraint in Eq. (3.19) are

AY) y(w) = CV4(w), AD)(w) = 20CH" (W),
A®(w) = 2wCM (W), A (W) = -2 (W) +2wCH () (3.49)

The RPI-a solution in Eq. (3.36) gives
AR (W) = wCy (W), AR 3(w) = CHs(w). (3.50)

Using in addition Eq. (3.46), we find that solving Eq. (3.28) gives

AR (W) = —wC' (), AR W) = —wC{(w) - 200" (),
AQ W) = —wCM (W) + 200 (w), AP (W) =CP (). (3.51)
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Finally, solving the second RPI-x constraint in Eq. (3.29) gives

A (wr2) = (w%) Ci(wi+ws) — Bia(wi2) (3.52)
v m
Agz) (wl 2) = (;2)02(0)1 +(d2) Bb4(w1 2)
(v) m
Ay (wr2) = — (w—2 Cs(wr+wsa) + Brg(wi,2) + Bpawr2),
. m
A£4) (w2) = — ( o +w2)01 (wr+ws) + Bpi(wi2) + 2Bys(wi2)
( m

wz)cz(% +ws) — 2By (w1,2) — Bea(wi2)

&
3 +

)03((.(}1 +CU2) - 3Bb3(w1,2) y
w2
Ag-) (wl,g) = ——2Bb3(w1,2) + Bb4((d1’2) .

The following Wilson coefficients of the O(\?) vector currents are not determined by

the RPI constraints,

A%)—7(w1,2) ) Agi)—s (WI,Z) ’ Agﬁ)—7,¢1—7(‘*’1,2,3) 1 Ay{)—e,kl—s (‘*’1,2,3) : (3-53)

The Dirac structures for axial-vector currents which expand 4vysy*b may be ob-
tained by multiplying the Dirac structures in Eq. (3.46) by 5 on the left and in
Eq. (3.47) by 1 ® v*. The relations for their Wilson coefficients are then the same as

the vector currents.

Solutions for tensor currents at O(\?)

The counting of the number of independent terms proceeds just as in the vector case
but now with antisymmetric indices pv. For J (20) the index o is transverse to v and

there are ten structures

1: {vFn¥ine, g”[”v”] a[“n"]}, 5 1 {ie)'n’ ze'i[” "],z’e‘i[”v"]},

A {00, n¥ine, g1} 7j’_:{v["n”]}. (3.54)
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The bases for J@29) are simple, while for J?© we have six terms

L: {go, gftn}, s fieftnt),iei¥ o}, ¥ {gl}, % : folnl}. (3.55)

We also have six terms for J(29

1: {g?nl1}, s (i3}, AN : {958,097}, A% (g ¥nd, o},
(3.56)
where the identity g J_[”e _,_]ﬂ = —-g"‘B ¢)” leaves only one term for 75. Finally for

J(2e.27,2h.2) we count ten terms

1: {g%Pnleg”) golig By s : (i€ g%, iePnlil}, A [nHlg2P ol g3fY
73 g, gy, A (g, gy (3.57)

Again only J has its basis of Dirac structures further restricted by the RPI-$
constraint in Eq. (3.19), which reduces the basis by two terms (since only eight linearly
independent Wilson coefficients appear in Eq. (3.60) below). For the complete set of

Dirac structures for tensor currents we find

1 1 .
Tt(’:i —8) = {'l,o"" ’YT , ’y['u"U ]7 - 29 [/"',),V] ———’)’["n"]’y; , ﬂn[“’v"}’y 29 [ y] ’
p T s
Ll . v} ’ Tog1-09 = {F(l 4)}

ouv 1 ﬁ [ v v ﬁ « v v ﬁ o v (o] v
T(c‘{_4) {'2‘%'—0%_{“7“ ,’Y[”U ]} ) 571_’7[“”] 290‘[" ] 5’)1”“‘” I+ 29_]_[“'0 ]},

1 7& 1 i
oafBuy afuv o B v
T(fl" 6) { P?l -0 2175 7{ gf_}m’)’ g ' A7 7}_ gJ_}[F ]}

Buv 1 ﬁ 7"
Y1) = {2gl TG sy » YTy 27- v'ylgi[“W"] g a[“vu]}

afuv aflruv v
Y hir-10) = {29 Tty 7J_7J.F(1 —4) ’Ylgl[“’)’ vig% by ]} (3.58)

where g{,’iﬁ = g®# — v*vP. Similarly, for the tensor four quark operator currents, a
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complete basis is

(T ® T)I(ull -10) — (T ® T) (k1-10)

# , »
- {n ) I‘(1—4)’ —ﬁ =7 ®’75Fﬁ_4), 0" ®1, ic” 'y5®75}, (3.59)

where just as for the vector case we have made use of chirality.

The relations for tensor Wilson coefficients obtained by solving the RPI-$ con-

straint equation are:

AQ(w) = Ci(w), AQ(w) = Ca(w), (3.60)
Af W) = Cy(w), Afw) = Cy(w),

AR (W) = wCi(w), AR (w) = Cy(w),

AB(w) = —2C5(w) + wCi(w), AQ(w) = —2C4(w) + wCj(w).

The relations for Wilson coefficients from the RPI-a constraint equations are
AR y(w) = wC 2 w), A y(w) = CP4(w). (3.61)

Finally, solving the RPI-x constraint in Eq. (3.28) for the tensor case gives

AY(w) = —wCH'(w), AD(W) = —wCH (w) — 269 (w),
Al W) = —wCP (W) +26PWw),  ADW) = —wC (W) + 200 (W),
AB(w) = —20 (), AD(w) = 2050(0)) . (3.62)
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while the constraint in Eq. (3.29) has the solution

A (wnp) = - (%)Cft)(wl +ws) — 2B (w12) ,

AQ(wr0) = - (i‘n;)cét) (wi+wp) — B (wi,0) + Bis(wra),

A1) = (7)) tn) ~ B wrz) ~ B (wna)

AQwn2) = ~(Z7) O wrtwn) = 2B (wn2) + B (wr2) + B (1),

AQ(wr0) = —(w T ) (wi+wn) = B (wi2) + 4B (w2)

Al (w12) = —(wl:'fwz)c wi+wp) — 2B (w12) + B (w12) + 2B (w12),
A1) = ~(S7— ) O wr+wn) + 3B (wna)
AQn2) = (575 ) O wr-+un) + 6B (w12) — 3B (w12)

AD(wr2) = —2BB (w1) + B (wr),

AY (w12) = 4BY (w12) — 2BD (w1 2) + BY (wr2) - (3.63)

The following Wilson coefficients of the O(A?) tensor currents are not determined by

the RPI constraints

AY owiz),  AY (wipa),  ADwie), A _pwizs).  (3.64)

3.2.4 Absence of supplementary projected operators at O()\?)

Here we show that the analysis above on the surface v; = 0 is complete by showing
that there are no supplementary projected operators as defined in section 2.4.4. The
analysis of the proceeding section makes this simpler, since a complete set of relations
have been derived for all currents J; (2b=2¢) Thus, we only need to worry about supple-
mentary prOJected operators generated by transforming the currents J; (20.2/-2k)

simplify our proof we first swap all factors of 72-v for 1/(n-v).
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First consider the SCET RPI-II transformation at O(A°) for these J® currents.

At this order we have

© B 5 ©
i — k4 ﬂ—wﬁ—%h—%ﬁ, vi*-%ﬂ'm—%n'"a
m w ¥ n w_
P =Pl - -é—el-Pi, By —>B_L__2"€_L'BJ.' (3.65)

We use the convention where all indices af are L for the field structures and Dirac

structures in J;Zf —2k),

Now due to the contractions of the a and (3 indices only
the transformations on 7# and +% can contribute for these operators (there are no
a’s or L’s in the J®3) case). The transformation related to their labels w; is O())
and need not be considered and the field transformations cancel. Thus, the only
terms that appear in an RPI-1I relation are those whose Dirac structure transforms,
60 (a,f.0,hi.5.k) # 0. However, with our choice of the complete basis of Dirac structures
on the v; = 0 surface, the structures for these currents all have zero transformations.
In this regard it was important to take a basis with no factors of #. Away from
this surface we must add to our basis of Dirac structure by including additional v;
dependent terms and it is only these terms that can have additional relations. For
example, factors of v, are induced when we reduce a basis that includes factors of
using the trace formula in Eq. (2.52). The same is true with our choice of the basis

of J}lb) currents.

Finally consider whether the transformations RPI-x and RPI-$§ induce SPO’s or
equivalently SCET RPI-I and HQET RPIL. Since the 7 transformation in RPI-$ did
not enter at the order we are working it is apparent that there are no SPO’s from the
HQET RPI. Examining the results of the RPI-I transformations we find that none
of the J}za’zf =) currents have O(X\%) transformations (since the Dirac structures

transform at O(A) and the field structures that do transform all cancel out).

Thus the results derived in the previous section give the complete set of RPI

relations for the O(\2) currents when v; = 0.
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3.3 Change of Basis and Comparison with Tree

Level Results

In expanding the heavy-to-light currents, two different bases of operators are use-
ful. At tree level it is convenient to write the result for the currents in terms of
collinear covariant derivatives, giving one basis. For the derivation of RPI relations

and factorization theorems, a basis such as the one in Eq. (3.4) is more useful.

The tree level matching of the full theory current gI'b onto SCET currents was
done to subsubleading order in Ref. [35]. In deriving Feynman rules we find the

momentum space version more convenient so we use the equivalent result from [111]

DT — 7(0) +7(1a) +7(1b) +7(2a) +7(2b) +'j(26) +7(2d) +7(2d) +7(2f), (3.66)

where
TO W) = XnuTH,, (3.67)
la —(1b -1 _ T
_( )( ) = (Xﬂ ZDC.L) @(a) a Hv 3 J( )(w1,2) = H Xnw; (,Lch.L)“"«’ e(b)a H” .
—=(2a 1 _ = RTa —(2b 1 = Sle
J( )(w) = % Xnw T(a)aZD;{s Hy, J(2 )(w) = ; Xnw T(b)a "Dts H,,
209, \_(_ T-vign ‘B, —(2d) it ign-B.\ == :
J N (w) = (xn 5 no )WT(C) H,, J N (wr2) = — Xn,wl( — )sz(d) H,,
—(2e -1 —
J ( )(wl,Z) (an DcJ_) ngf_L)sz(e) op Hy,

—2f) -1 1 . =
J (wl 2) = Xn w1 (n .p"D "’ng.L) sz(f) ap Hy .

The T in 7(0) is simply the Dirac structure of the full theory current. The Dirac

structures that appear in the subleading currents are

@(a)a = ’Y&L' ﬁ f s é(b)a = f2n¢ ’U’Y&L (368)
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and

Twa=T, Ttya="Ta T—ﬁ._f, T=T,
O L = i _ _
Ta= Fﬂ?’ Tieyas = Yagl 27!3 : T(f)es = TVa 5 - (3.69)

Each of the operators J has unit Wilson coefficient at tree level. By re-expressing
these operators in the basis of operators presented in this chapter, we determine
the tree-level Wilson coefficients of our currents. This provides a check of the RPI

relations.

3.3.1 Conversion

In terms of our basis, the leading order tree level current 79 3 given by

/dw 7Ow) = /dw JO ). (3.70)

This result holds for all five Lorentz types, T = {1,7%,v*,7%y*,io*'}. For the
remainder of this section, we will suppress the explicit w-dependence of our basis
J(w)’s as well as the appropriate integrals [[dw;] whenever results hold equally well
as integrals or as densities. For example, Eq. (3.70) would be written simply as
7(0 J; © 1f the Lorentz type (s,p,v,a,t) of the current is not specified, the same

result holds for all five types as above.

For the O(\) currents, the relations differ for the scalar, vector, and tensor cases,

(la) (la) — |dw (1) 3.71
/dwl J,p (w1) /dw (w1) / 1,2 w1+w2J (wr,w2), (3.71)

a a m
/dwl o )( 1) = /dw J(l ) (w1) /dwu [J1(lb)(w11w2) - 2J§1b)(w17w2)] )

w1 +wy
—(1a a m
/dwl 78 wn) = /dwl T (wn) + /dwl,? ——— [ I wr,w2) — 278" (w1, wn)]
w1 +wso

—5(1%)

T =0, T _gm T =25 4 g 425 4 208
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The last line of relations are true as integrals or as densities. For example Jélf ) (wie) =
—Jélb) (w12). At O()?) the relations between the two forms of subleading currents are

7(20,26,26)

the same for all currents

70 _ gl 7 _ oo /dw 54 _ / [J‘2e’+J‘29)], (3.72)
)]

where in the last relation the arguments of 7% (w1) and J#%% (4, ,) are implicit. The
remaining currents come in different combinations depending on the Dirac structure.

For 7(2d) we have

—(2d)

Jod =0,  Jw=s2-ge, JE oy (3713

For the scalar 7(2e) currents,

/ dona T = / dons [ 70 _ er)] + fdwl,z [e - f]+ /dw1,2,3 Z’:’izz [e —>(B]7,4)

with similar relations for the vector and tensor cases (suppressing the integrals for

convenience),

77(3:) — [J(2e) J(23) J(26)+Jé2e)+2.];2€)j| + [J1(2f) _ J;ng)—Jézf)-l-Jézf)—Q.]gn]

+wz+w3 [ J(2h) J3(2h)_ Jézh) n J(2h) 9 J(Zh)]

w1 twy
7526) = [—- Jl(ze) — J3(2e) + J5(2e) + Jéze)] + [e — f] + :}in:z [e — h] . (3.75)
Finally for 7(2”,
7en - [—J?e’ + J§2‘*)] :: [e - f} [e - h] , (3.76)

TN [—er) —JE) 4 21(2‘3)] Z: [e - f] - [e o h] ,

TP = [0 = g0+ 020 4 2089) - e f) — e — ],
2

where the suppressed integrals are the same as for 7(28).
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3.3.2 Wilson coefficients at tree level

Inserting Eqgs. (3.70-3.76) into Eq. (3.66), we can read off the tree level Wilson
coefficients of our basis. For example, since 79 is the only term at leading order we

have C’fd)(w) =1 and C;;?l(w) =0 for d = s,p,v,aq,t.

For scalar currents, the non-vanishing tree-level Wilson coefficients are

W) =1, BYw) =1, B (wi2) = w;’_’;‘uz , (3.77)
and at O(A\?)

AQw) =1, ADw) =1,

A () =7, A =1+ 22,

A (wi2) = -1- :% , A (wrp) = wﬁz :

Agl.sl)(uﬂ.ﬂ) = % ) Afﬁ} (wi23) = —w—l-:f—izj . (3.78)

The same results hold for the pseudoscalar currents. To O(\?), the values of the

Wilson coefficients for vector currents that do not vanish at tree-level are

C(w) =1, BRw) =1,
B{ (wr2) = — B (wr) = —2 B (wip)=-1,  (3.79)
b1 ' wy+ws b2 % witws’ b3 A5 ’
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and

AR W) =1, AQw) =1,
m
A wp)=1-—, A (i) = -1,
w2
Al(w2) = -2, A (wr2) =3,
A (wn2) =2, Awr2) =1,
A (W) = -1+ 2, A (wyg) = -1+ 2,
73 (wi2) + o 74 (wr,2) +
v 2w v
A(wng) =1-=, A (wr2) = -2,
)
m v
Al (W) = o A (wi2) = -1,
+ws (v) w1 —w3
A(v) - w2 ’ A — ’
a1 (W1,2,3) ot h3 (W1,2,3) it
- —2uw —wa+ws
A® - W1Tuws A® _ 1~ W
+UJ3
A® = _g¥2T¥s 3.80
h7 (W1,2,3) D (3.80)

The same results hold for the axial vector currents. Finally, for the O(\%) tensor

currents we have nonvanishing coefficients

—2m
COwy=1, BYwW) =1, BOwz)=2- ——, BD(wa) =
1 () a1 (@) b1 (W1,2) . b2 (W1,2) "
B(wia) =1, Bf(wiz)=2, BY(w2)=2, (3.81)

91



and

Awy =1,

AR (w2) = -2 - L—E :
AR (w12) =2,

AD (i) = -1+ Z—:
A (i) =1 - (‘:’—é
A (wi2) = L%,

Ag? (wi23) = Zi _:_:z )
Agfg (wr2;3) = :w_a:%i>

AW — 14
A(t)(wl 2) =1-— 2_“‘)1_
f7 , wo ’
Awip) =1,
A(t) — W1 —ws
h3(W1,2,3) R
—2uw ~wo+w
AW = THAT W _
nr(w1,23) . (3.82)

It is straightforward to check that these results all satisfy the RPI relations from

section 3.2.3, providing a cross-check on those results.

3.3.3 Omne-Loop Results

The relations from section 3.2.3 apply at any order in perturbation theory, so they

can also be used to determine one-loop values for certain coefficients. For the LO
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currents the one-loop coefficients in MS at p = m are [15]

@ = 1- __as(m)C’F{ In?(@) + 2Lip(1-a) — 21n((21)+7r2},

4r 1-o 12
@) = 1-%-%’7-3-02{ *(@) + 2Lin(1-0) + In(@) (=2 +7f;+6},
cPw) = 1—3%{21 2(3) + 2Lip(1— w)+ln(w)(4‘:} ‘;) +71'_;+6},
o - A1 ) g
) = as(z;)cp {(1 —(1201)2)1;1@)_1;}
P = as(zr)cp {—21w_lnu()w)} () =0, 359

where & = w/m and Cr = 4/3 for color SU(3). The quark-gluon-antiquark operators
J) have coefficients that are not fixed by RPI, and these were determined by a
one-loop matching in [39, 28]. Thus all O(\%!) currents are known at one-loop order.
The expressions are fairly lengthy, and so we do not repeat them here. Using their
results and our Egs. (3.39-3.41), (3.49-3.52), and (3.60-3.63), the coefficients of the

currents J(26:2:2¢:2d.2€) are also determined at one-loop order.

We give the scalar current case as an example. For the scalar current, the coeffi-

cient at p =m is [39, 28]

= ]. ascF 2~ (:) 4 2
B(bl)(w”’l) - d)+ 4 [wz{l &—In* &y ln(wl)}+ (w+1 w)lnw

2 (ln®o Inw, Welnwy,  2(1—-ay) . )
o - - Lip(1- -
@ (l—é) 1—([}2) (1__(;}2)2'*- G { —w)—Liy(1 wl)}

2

{lel—wz)—f—}—i— L ]

o1l 6 w 11—

_azif‘[wz{ln —In*d& —In (i)}+@illn(%)+llr—l—%z
+1w—1—:221 {Liz(1=6) — Lip(1—&y)} — a‘;llu“)z {Liz(l——d)z) - %2}]

+ 2 o)+ 2nin-0) - 228 T (&80
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where Cy4 = 3, 12 = w1 2/m, & = & + Wy, and we have transformed to our basis.

We will also need the derivative of the LO scalar currents coeflicient

d (s),~ _ a;(m)Cr [-1+0+ (2—40+ ) Ind
@) = ———~ S0P . (385)
Now in section IIIC we derived the following results for the O(\?) currents
A9 (w) = CP(w), AL (W) = 20CP (), (3.86)
A (W) = wCiY' (), 4w =P ) AR (W) = ~wC' (),

m 8 S S S
AQ(wr2) = = CPwritwn), A (wnz) = = O (wr+wz) — B (wi2).

(w +uws)
Combined with Eqgs.(3.83-3.85), these relations determine the coefficients at one-loop
order. The results for the J; (2a=2¢) vector and tensor currents at one-loop order are
easily obtained in the same manner.

To summarize, in this chapter we derived a complete basis of scalar, vector, and
tensor heavy-to-light currents in the soft-collinear effective theory I at next-to-next-
to-leading order in the power counting, O(\?). Building on the approach in Ref. [96]
where one takes v, = 0 from the start, we considered the full set of RPI relations that
leave us on this surface. The completeness of deriving RPI relations projected on a
surface was analyzed in Chapter 2. With a careful choice of Dirac structures in our
analysis of heavy-to-light currents at O(\?), it was demonstrated that the projected
RPI gives the full set of constraints.

A simple method for counting the number of Dirac structures in the basis for
any operator with d = 4 was given.* Several types of reparameterization invariance
provide restrictions on the structure of these currents. We formulated RPI as con-
straint equations on the allowed Dirac structures and Wilson coefficients as given
in Egs. (3.15), (3.19), (3.23), (3.24), (3.28), and (3.29). We expect that a similar

setup with constraint equations and projected surfaces will be useful in deriving RPI

4We did not consider the complication that occurs if one uses dimensional regularization where
there can be additional evanescent O()\?) operators that vanish for d = 4. In SCET this type of
operator has been studied for the O(A) currents in Ref. [28].
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relations at higher orders in A and in deriving results for non-heavy-to-light currents.

Our main results are contained in the solution of the constraint equations as given
in Egs. (3.37-3.41), (3.46-3.52), and (3.58-3.63). These results determine the coeffi-
cients of five of the eleven NNLO operators, J}2a,2b,2c,2d,2e), for various Dirac structures
indicated by j and at any order in perturbation theory, in terms of the coefficients
of NLO and LO operators. This determines 7, 23, and 32 Wilson coefficients for the
scalar, vector, and tensor heavy-to-light currents respectively. Results at tree-level
and one-loop order were discussed in sections 3.3.2 and 3.3.3. Finally, the opera-
tors J(2f29.2h21.21.2k) defined in Eqs. (3.4,3.5) together with the Dirac structures in
Egs. (3.37,3.38,3.46,3.47,3.58,3.59) were shown to not be constrained by reparame-

terization invariance.
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Chapter 4

B decays to two light mesons in

SCET

4.1 Introduction

The nonleptonic charmless decay channels B — M; M, provide a wealth of infor-
mation about the Standard Model, including the study of CP violation and the
strong interactions. An interesting experimental observable is the relative “strong”
phase between Standard Model amplitudes multiplying the CKM factors Vi Vyy and
VaV}; (f = d,s), since these phases are measured to be large in the B — 7w and
B — K channels [55]. Since many amplitudes for these decays are loop dominated,
it is possible for new physics to give a significant contribution. Except for the sim-
plest observables, however, testing for new physics requires an understanding of the
Standard Model background.

The theory of nonleptonic B decays underwent important progress in the last few
years. Factorization theorems for B — M M’ decays have been proven to all orders in
@, at leading order in A/Q, for decays when M is a light (charmless) meson and M’
is either charmed or charmless (31, 32, 21, 57, 60, 126, 19]. Here Q ~ my ~ m, ~ Ep,
is the “hard” scale and A ~ Aqcp ~ 500 MeV denotes a typical hadronic scale. An
important difference between the various approaches to making predictions for the

charmless B — M; M, decay rates [68, 67, 31, 103, 102, 117, 32, 33, 66, 40, 19, 26
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is how certain O(A/Q) power suppressed corrections are treated. In particular, it
was observed that so-called annihilation diagrams, in which the initial state “spec-
tator” quark is Wick-contracted with a quark field in the effective Hamiltonian (as
in Fig. 4-2), give rise to divergent convolution integrals if one attempts calculating
them using conventional factorization techniques [103]. In the KLS (or pQCD) ap-
proach [103], these are rendered finite by k£, dependences, which effectively cut off the
endpoints of the meson distribution functions. KLS found large imaginary parts from
the jet scale, v/myA, from propagators via Im [zm2 —k? +ie]~! = —nd(zmZ—k3) [115].
They also found that for the physical value of m; the power suppression of these
terms relative to the leading contributions was not very significant. In the BBNS
(or QCDF) approach [31, 32, 33, 40], the divergent convolutions are interpreted
as signs of infrared sensitive contributions, and are modeled by complex parame-
ters, X4 = fol dy/y = (1 + pae4)In(mp/A), with ps < 1 and an unrestricted
strong phase 4. In Ref. [79], annihilation diagrams were investigated in the soft-
collinear effective theory [13, 15, 27, 22] and parameterized by a complex amplitude.
When annihilation is considered in SU(3) flavor analyses a complex parameter is
also used [9, 64, 139, 120]. In the absence of a factorization theorem for annihilation
contributions, a dimensional analysis based parameterization with A/m; magnitude
and unrestricted strong phases is a reasonable way of estimating the uncertainty. In
order not to introduce model-dependent correlations, a new parameter could be used

for each independent channel.

It was recently shown by Manohar and Stewart [124] that properly separating the
physics at different momentum scales removes the divergences, giving well defined
results for convolution integrals through a new type of factorization which separates
modes in their invariant mass and rapidity. The analysis involves a minimal subtrac-
tion with the zero-bin method to avoid double counting rapidity regions, and with the
regulation and subtraction of divergences for large p* and p~ momenta that behave
like ultraviolet divergences. Additional subtractions would correspond to scheme de-
pendent terms, so the minimal subtraction is the usual and simplest choice. We refer

to this as MS factorization. In this chapter we classify annihilation contributions
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to B — M;M, decays. We restrict our discussion to non-isosinglet mesons (M; =
m, K, p, ...), which can not be produced solely by gluons, for which the annihi-
lation amplitudes are power suppressed by ~ A/Q. Our notation follows that of
Ref. [19] where factorization theorems for the leading order B — M; M, amplitudes
were derived. We demonstrate how rapidity factorization works for the leading terms
of order Oa,(my)A/my] that had previously been addressed with other approaches
to factorization. These leading-order annihilation contributions are real despite the
presence of endpoint divergences. We also classify which terms can involve a nonper-
turbative complex hadronic parameter, and demonstrate that they first show up for
annihilation at higher order in perturbation theory, O[a2(v/myA) A/my). Our analysis
demonstrates that while certain annihilation contributions are only sensitive to the
hard short-distance scale u? ~ m? (local annihilation), there exist other annihilation
contributions that start at the same order in @, and 1/m,; and are sensitive to the
intermediate scale u? ~ mpA (hard-collinear annihilation terms) that had not been
addressed previously in the literature. The leading local annihilation terms involve fp
and twist-2 distribution functions, while the leading hard-collinear terms have twist-3

meson distributions.

An interesting set of power corrections are those proportional to pup where p, =
m2/(m, + mg) and px = m%/(m, +m,) [132]. For kaons and pions up ~ 2GeV,
so corrections proportional to up/my can be sizable, and were labeled “chirally en-
hanced” in Refs. [31, 32, 33, 40]. In the chiral limit pp o A,, where A, is the chiral
symmetry breaking scale, so the enhancement is not parametric, and comes from
the fact that A, > Aqcp. In the BBNS approach these A%2/m? annihilation power
corrections are included along with the leading-order terms, and when they multiply
divergent convolutions they are described by complex parameters. Below we show
that, much like the lowest-order annihilation contributions, these terms are also real

and factorizable.

In section 4.2 we review the leading order factorization theorem, and classify power
corrections to B — M; M, with a focus on annihilation amplitudes. In section 4.3 a

factorization theorem is derived for local annihilation amplitudes at order A/m,, for
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final states not involving isosinglets (given in Eq. (4.20)). These amplitudes start at
O(as(my)) and involve fg and twist-2 meson distributions. In section 4.4, we consider
the leading hard-collinear annihilation amplitudes, which start at the same power and
perturbative order as local annihilation. The extension to chirally enhanced local
annihilation terms is considered in section 4.5. In section 4.6 we study annihilation
amplitudes from time-ordered products, and classify complex contributions generated
at the hard scale m;, the intermediate scale v/myA, and the nonperturbative scale
A. Our results give absolute predictions for the annihilation amplitudes in B —
PP, PV, VV channels, given the meson distribution functions as inputs, which are
studied in Section 4.7. This section also discusses the implications of our results
for models of annihilation used in the literature, and a numerical analysis of the
annihilation amplitudes in B — K7 and B — KK. Appendix A gives the derivation

of a two-dimensional convolution formula with overlapping zero-bin subtractions.

4.2 Annihilation Contributions in SCET

The relevant scales in B — M; M, decays are my,, my, E =~ mp/2, m,, the jet scale
VEA, and the nonperturbative scale A. Here E is the energy of the light mesons,
which is much greater than their masses, my, , ~ A. To simplify notation, we denote
by m hereafter the expansion in all hard scales, {m;, E, m.}. The decays B — MM,
are mediated by the non-leptonic AB = 1 weak effective Hamiltonian, Eq. (2.15).
To define what we mean by annihilation amplitudes we use the contraction am-
plitudes A;, Az, P5, P°™ in the full electroweak theory from Ref. [54] (which thus
includes penguin annihilation). These amplitudes are scheme and scale independent
and correspond to Feynman diagrams with a Wick contraction between the specta-
tor flavor in the initial state and a quark in the operators O;. Using SCET these
annihilation amplitudes can be proven to be suppressed by A/my to all orders in
as [19]. These contributions differ from emission-annihilation amplitudes, EA; and
EA,, which involve at least one isosinglet meson. As demonstrated in Refs. [40, 137],

EA; ; occur at leading order in the power expansion. We focus on isodoublet and
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isotriplet final states, so ignore the EA; , amplitudes hereafter.

To separate the mass scales occurring below m; we need to match Hy onto op-
erators in SCET. The nonperturbative degrees of freedom are soft quarks and gluons
for the B-meson, n-collinear quarks and gluons for one light meson, and 7-collinear
fields for the other light meson, as discussed in section 2.5.1. Expanding in A/m;

gives

(MyMp|Hw|B) = A® + Az + AD 4+ AD 4

_ Grmpfu fu, fB [

N AO 4 A+ AD 4 AV 4 ] N R)

In the second line we switched to dimensionless amplitudes A by pulling out a pref-

/2 scaling. Here Ag = 500 MeV represents a B-meson

actor with the correct A*?m,
scale that is O(Aqcp). Taking 7 = A/my we have the leading order amplitude
A©® = O(7°), and the subleading amplitude A® = A%, + AY, = O(n!), which
we have split into the annihilation amplitude A, and the remainder Aﬁ})st The
amplitude Az in Eq. (4.1), denotes contributions from long-distance charm effects in
all amplitudes, while perturbative charm loops contribute in the amplitudes A® and
A1

There are two formally large scales, my > vmyA > A, which we will refer to
as the hard scale p, ~ m;, and intermediate or hard-collinear scale u; ~ /mpA.
These scales can be integrated out one-by-one [23] with effective theories SCET; and
SCETy. Integrating out my requires matching the O; onto a series of operators in
SCET}, QY ~ M where the SCET; power counting parameter A = 7'/2 = /A/mj,.
To obtain contributions to B — M M,, we require an odd number of ultrasoft (usoft)
light quarks gy,, two or more n-collinear fields, and two or more #i-collinear fields,

where n? = 72 = 0.

We briefly review results from Refs. [57, 60, 19] for the leading amplitude A© for

1 4,; has the c-fields in Of 2 and O3_1 replaced by nonrelativistic fields [19], and is suppressed
by at least their relative velocity, v ~ 0.3 — 0.5. The possibility of large nonperturbative charm loop

contributions was first discussed in Refs. [67, 66], and the size of these terms remains controversial [30,
20].
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B — M;M,. Here we have weak operators Qﬁ‘f}_ﬁd ~ X8 QS}_M ~ AT with no gus’s,
taken in time-ordered products with an usoft-collinear quark Lagrangian, Egz) ~ N
for j = 1,2, which has one ¢,,. We denote other subleading Lagrangians by £,
and list the O(\7) and O()\®) time-ordered products for A®) in Table 4.1. Matching
these time-ordered products onto SCETY; gives the leading O(n°) operators.?2 When
combined with the 777/2 from the states this yields a matrix element of order 7°/2, in

agreement with the prefactor in Eq. (4.1). Examples of the weak operators in SCET;

are

Q) = [ Peb] [dn o Prin]

Qgi) = [ﬁn,w1iggytw4Pva] [Czﬁ,wz'ﬂPLuﬁ,wg] ) (42)

where other Qgg’l) have different flavor structures. The “quark” fields with subscripts
n and 7 contain a collinear quark field and Wilson line with large momenta labels w;,

such as

Unw = [EPW, d(w—7 - P1)]. (4.3)

Here &, creates a n-collinear quark, or annihilates an antiquark, W,, = W[n - 4,] is
the standard SCET collinear Wilson line built from the # component of n-collinear
gluons, A - P! is an operator that picks out the large 7 - p label momentum of the
fields it acts on, and ig By % = [1/P W]lift- Dep, i Dl | [Wné(w — P1)]. The b, is an
HQET b-quark field.

The leading order factorization theorem from SCET] is [19)

4 = __GF"jlif vy { / v Tigu, 2)GPM(2) 8 () / du i)™V () |+ {0, — M),
e ’ (4.4)

Here T and T contain contributions from the hard scales m;, and #M is the non-

perturbative twist-2 light-cone distribution function. The terms (¥ and (P (z)

contain contributions from both the intermediate scale p; ~ /mpA and the scale A,

2Recall that to derive the n®, we note that A3 = n*, and changing the scaling A — 7 for four
collinear quark fields in matching SCET; — SCETY; gives the extra ?. The A7 term gains an extra
A from the change in scaling to a collinear D .
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and are defined by SCET; matrix elements between B and M states. In particular

their scaling is

3/2
¢BM(E), (M (2,E) ~ (mﬁb) [os(ps) + ... ], (4.5)

explaining the a,(y;) entry in the A© rows of Table 4.1. The ¢(#M functions occur in
both semileptonic decays and nonleptonic decays (E =~ mp/2). Integrating out the

scale v/mpA to all orders in o, by matching onto SCETy; gives [19, 124]

$4(2,B) = 2D [ag [kt 1(2,, 1, B)84(0) 6205°),

P (B) = P S [, [dkt et sua b B) @) 60 05), (45)
where the ¢ and ¢’s are twist-2 and twist-3, two and three parton distributions
and we pulled out fgfys for convenience. The jet functions J, J,, occur due to the
time-ordered product structure in SCET] and contain contributions from the scale
vmsA. Using the result for (M at order a,(u;), this result agrees with the BBNS
approach (where expressing (BM in terms of the full theory form factor generates an
additional (#M term). The result for ¢(BM is from Ref. [124] and required the MS
factorization with zero-bin subtractions. The set of contributing functions (indices
a,b) is determined by the complete set of SCETy operators derived in Ref. [108].
The power counting in a,(u;) for the SCET; functions (M and ¢(?M agree with that

derived in pQCD [114].

Next we classify the contributions to the power suppressed B — M; M, ampli-
tudes AM). In SCET; we need to study operators and time-ordered products with
scaling up to O(A!°). These have one or three light usoft quark fields. The relevant
terms are listed in Table 4.1, where Q,Ej ) ~ X8+ and our notation for the Lagrangians
up to second order is taken from Ref. [24]. All the listed terms have an odd number
of soft light quark fields. A basis for the Q,§4) operators is constructed in section 4.3,
for the Qz@ Egl) terms in section 4.4, and for the Q§5’ terms in section 4.5. A basis

i

is not yet known for the remaining ng) operators, for Q¥ and for the [,g;"l) and
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A/my | T-ordered products Perturbative order Dependence P .
order in SCET} Annhilation  Other in SCETy roperties
A© Q(O)E%” - ag(ps) | ¢PoMM Real
QU —  a(w) | 9P¥OM | Real
Q) c(” £ — as(pi) | pPoM M Real
Q(l) c(” — o (1t:) BoM M’ Real
A0 Q(J =0,1) E(%<4)H LK) — as(ps) Complex
? B o (1n) — fa MM Real
Qg as(m) () | $PFMGM | Real
QSO) [Eé}l)]:i asfrl'l"i) as’frl"l’i) Sj(ki':2) k3—) . Complex
2(,,. 1
QW [L(l)]3 £ as'El‘# i) a’: J Si(kis,k3)... | Complex
2(4,. 2(4,.
ng) [E(l)] 5(2) asgr'u') as:‘) Sj(ki2,k3)... | Complex
o (i ai i
QW [/32,) Er# ) 71—” ) Si(ki2,k3)... | Complex
201
Q§2) [ Lg})]? — as: i) Complex
Q@ [:(1) £ as(pn)as (i) ats(1:) Complex
Q(2) £(2) M s (;) Complex
Q,(,3) E(l) 9‘*’(/‘_’{0";(_’_"'_) o (1) Complex
A Qz@ as(up) — | fepmdMe™ Real

Table 4.1: All contributions to B — M; M, amplitudes at leading order (A®) and at
order A/my, (AM), besides Agz. In the first AWM line j+j+ 3 ki < 4. The terms with
— are absent or higher order when matched onto SCETy;. The dependence in SCETyy
column lists the known dependence on nonperturbative parameters. The properties
column shows whether at least one of the nonperturbative parameters is complex.
For A, suppressed by A?/m2, only the local chirally enhanced annihilation operator
is shown.
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L® Lagrangians, but they do not contribute at O(as), and only general properties
of these operators are required for our analysis. Dashes in Table 4.1 indicate terms
that are absent to all orders in a; for reasons to be explained below. To determine
the perturbative order listed in the table we count the number of hard a,(u) factors
from the matching onto SCET}, and the number of intermediate scale a;(u;) factors
from matching onto SCET};. The dependence in SCET}; column lists the nonpertur-
bative quantities that appear in the factorization theorem for the leading order result
described above, and from the factorization theorems we will derive in sections 4.3,
4.4 and 4.5 below. The properties column lists whether the nonperturbative distri-
bution functions are complex or real as described in detail in section 4.6, and has
implications for strong phase information in the power corrections. The results in

Table 4.1 imply the following power counting (for amplitudes not involving A.),

Re[AO] ~ (i), Im [AQ] ~ oy (1) 0s(pan)
R[AQ] ~ o) + 2] 7, Em[ARL] ~ 2(u) o
Re [Arest] ~ as(:u'i) ’T_:,L\'; ) Im [Arest] ~ as()u"l) Ab : (47)

To facilitate the discussion we divide the annihilation amplitudes into local annihila-

(1,2)
Lann

from the operators Q§4’5) that are insensitive to the jet scale,
(1)

Tann?

tion contributions, A
and into the remaining annihilation amplitudes, A which are from time-ordered
products in SCET;. Thus,

A AW

ann Lann

+ AW

Tann *

In the literature [103, 102, 32, 33, 101}, only local annihilation amplitudes have
been studied, and their matrix elements were parameterized by complex amplitudes.

In SCET, Q§4) is a six-quark operator with one usoft quark, such as

(dsrsbv) (aﬁ,wz FﬁQﬁ,ws) ((jn,wl Pnun,w4) ) (49)
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where other Q,@ operators have different flavor structures. To derive the power
counting for this operator, start with Q© ~ A%, then note that switching a collinear
quark to an usoft quark costs A?, and adding a &, and & from a hard gluon also costs
A2. This yields Q% ~ O(a,(us)A'). In matching onto SCETy we simply replace
Q§4) — OFL) ~ 77, with the operator having an identical form. SCET] operators Q,w
that do not have the form in Eq. (4.9) exist, but they must be taken in time-ordered
products with a subleading Lagrangian and so do not contribute to A(). For this
reason all local operator contributions to A®) contribute in the annihilation terms
and not in Ag)st. Since the matching onto 0§1L) is local, it appears as in Fig. 4.2a
with an a,(up), but with no jet function. Thus this contribution to AQ). is of order
ot (pn)/ ots (i) A/my relative to A©. In section 4.3 we construct a complete basis of
Q,§4) operators and show that their matrix elements are factorizable in SCET at any
order in perturbation theory, and do not generate strong phases at O(o,(us)). We

prove a similar theorem for chirally enhanced terms in the set Qf’) in section 4.5.

The annihilation amplitudes and other A/my, suppressed amplitudes also occur
through time-ordered products. Two examples are shown by Figs. 4.2b and 4.2c. A
subset of these terms were considered in Ref. [79], including the diagram in Fig. 4.2¢,
and the phenomenological impact of these power corrections was studied. So far no
attempt has been made to work out the strong phase properties and perturbative
orders in a, of the time-ordered products, a task we take up here. A complete
classification of time-ordered products for the leading power corrections to B —
MM, is listed in Table 4.1. A subset of these terms contribute to the annihilation
amplitudes. To see which, we note that terms with a ng’l) and only one [,g)) do
not contribute to annihilation at either leading or next-to-leading order; the weak
operator is not high enough order in A to contain an extra n-7 pair, and there
are not enough Lg,’s to produce the pair through a soft quark exchange. To rule
out these terms it was important that we are not considering isosinglet final states,
which receive emission annihilation contributions already at leading order. The term
Q¥ [ﬁg)F does not contribute to annihilation because we find that all annihilation

type contractions are further power suppressed when matched onto SCETy;.
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Figure 4-1: Three types of factorization contributions to annihilation amplitudes
which are the same order in n = Aqcp/mp. a) shows Q§4) which has > 1 hard
gluon and factorizes at the scale m,. The rapidity parameter, ( = p~/p*, controls
the MS-factorization between soft momenta (B), n-collinear momenta (M), and 7

collinear momenta (M;). b) shows the time-ordered product ng) Lg), which involves
factorization at m;, and v/mpA. c) shows the time-ordered product le)[ﬁg]?’, which

factorizes at the scale /myA and does not need a hard gluon. Graphs a) and b) are
of order o (1), while ¢) is a,(p;)?.
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Time-ordered products with either a QU2 or with three L¢,’s do contribute to an-
nihilation. Examples of these two types are shown in Figs. 4.2b and 4.2c. Compared
to the local annihilation amplitude from Q\*), only the time-ordered product Q("’)Cg])
contributes at the same order in a,. To demonstrate this, note that for terms with
three L¢,’s all graphs have at least two contracted hard-collinear gluons and so are
O(a?(u;)). Graphs with a Q@3 start with one o;(u1), and will also have an additional
as(u;) from a hard collinear gluon, unless it remains uncontracted in matching onto
SCETy. The uncontracted gluon costs an additional A in the matching onto SCETy;,
so only the time-ordered product Q(2)ng) can have a leading, O(a,(ms)), contri-
bution. Fig. 4.2b gives an example of a diagram occurring from this time-ordered
product. The resulting amplitude involves the three-parton distribution, ¢sps,. As
shown in section 4.4 it also involves the twist-2 distribution ¢3;, and its leading order
convolution integrals converge.

The time-ordered products with three L¢,’s are suppressed by o2 (u;)/cs(ps) rel-
ative to QE“), and can be proven to involve a complex nonperturbative function, as
labeled in Table 4.1 (an example is shown in Fig. 4.2c). Thus, if perturbation theory
converges rapidly at the scale u;, then complex annihilation amplitudes are highly
suppressed. If perturbation theory at y; is poorly convergent then the time-ordered
product contribution could be important numerically; comparable or even larger than
the leading local annihilation amplitude from Q§4). Local annihilation contributions
are discussed in detail in sections 4.3 and 4.5, while strong phase properties of the

amplitudes and the time-ordered product contributions are taken up in section 4.6.

4.3 Local six-quark operators in SCET;

In this section we construct a complete basis of 0§1L) operators in SCETy; (the Q,@
terms in SCET}) and derive a factorization theorem for their contributions to B —
M;M,. To find a complete basis we consider color, spin, and flavor structures that
could appear when matching at any order in a,. Color is simple, the six-quark

operator must have I', @ I'; ® I', = 1 ® 1 ® 1. Although operators with a T4 in
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one or more bilinears are allowed at this order, with the factorization properties of
the leading Lagrangians and (M,M;|O|B,) = (0]...|Bs){(Mz]|...|0){(My]...|0), the
terms with T4’s give vanishing matrix element between the color singlet hadronic

states [21].

For spin we start by looking at chirality which is preserved by the matching at
my. Since there is no jet function, the soft spectator quark that interpolates for the
B-meson must come from the original operator in Hy, and we Fierz this ¢ field next
to the b-quark field. To be definite, we take the other 1) field from Hy to go in the
7 direction (in the SCET Hamiltonian we sum over n « 7). This implies that the
pair-produced quark is in the n direction. For O;_49,10 the allowed chiral structures
induced in SCET by matching are (LH)(LL)(LL) and (LH)(LR)(RL) where L and
R correspond to the handedness for the light quarks in the bilinears in the order
shown in Eq. (4.9). We cannot assign a handedness to the heavy quark denoted here
by H. For Os_g we can have (LH)(RL)(LR), (LH)(RR)(RR), (RH)(LL)(LR), and
(RH)(LR)(RR). A complete basis of Dirac structures for the individual bilinears is:

To=2%  Ta={hsr}, Tn={iir}. (4.10)

Structures with -5 are not needed because we have specified the handedness. Here
jty} and gt} connect left and right-handed quarks, while # and # connect quarks of
the same handedness. From the basis in Eq. (4.10) we must construct an overall scalar
using the tensors v#, n#, i*, g, and €,” = e***fing/2. We take €% = 1, and work
in a frame where v = 0 and n-v = #-v = 1, which makes the set {n, 7, v} redundant.
For reasons that will become apparent we pick v* and (n* — fi*) as our basis in this
section. The definite handedness allows us to turn any contraction involving ie/”
into a contraction with gh*, for example i€'" €5y teR = ELfiyi st R = ELf"ER. The

(LH)(LR)(RL) and (LH)(RL)(LR) structures can be ruled out since

WYL PR ® v, PL = i PL @ v PR =0. (4.11)
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Noting that ph, = h, this leaves four allowed spin structures

I, T ®l = {1Q4®%#, (—#)@%rQR, 17 @1 ®ftvy, 1S @ vy @7} . (4.12)

The last two structures have g,7$b, and vanish identically for B-meson decays (they
would contribute for B*’s). Furthermore, the local annihilation operators are not
sensitive to the k™ momentum of the soft spectator quark. Thus in taking the matrix

element we can use

(0@svsho| By = ~imafs,  (0|@sys(R—7)hy|B) = 0. (4.13)

Here fp is the decay constant in the heavy quark limit. The fact that we can match
onto a basis of local SCET operators of the form in Eq. (4.9) demonstrates to all
orders in a, that the local annihilation contributions are proportional to fg. Using
Eq. (4.13) the second Dirac structure in Eq. (4.12) is eliminated, so we do not list
operators with (f—#) in the soft bilinears below.

Next we consider the allowed flavor structures. From the operators O, we have

(ab)(dq)(gu), (db)(@q)(qu), from O1_g7,8, we have (db)(7q)(q¢), (7b)(dq)(gq’), and

O7_10 give a combination of these. Here the ¢g are the pair produced n and 7 pair,

110



while the ¢’§ appeared in the weak operators. Thus a basis for B-decay operators is

0un — mi S, (@ Pab] [@n.n B Pt G s [dman Prtims]
oin — migzq [ Prby)] [ P s [nsin Pt
oun - mi%zq,,,, [, Paby] (@ Pt o] (G PP ]
o4 — ml v [@Prb) [FrattPr G s [Gngn AP ]
oun - mi 5, [ Prb) [ wut Pr G ) [naon 8P ]
oeb ;% 5, [ Prbo] [dn st Pre Gnes) [T Pt

2 < > _ ’
O(lL) = -7-7-1—2- Eq,q’ [dSPRb‘U] [qﬁ,wgy"PR qﬁ,ws] [Qn,wl ﬁ/PR qn,w4] ’

O(IL)

2 -
;n—;;; Zq,Q' [ﬁPva] [dﬁym¢PR Qﬁ,w;:,] [Qn,w{ﬁPR q;l,‘“] . (414)

Here we integrated out ¢ and b quarks in the sum over flavors, so the remaining sums
are over ¢ = u,d,s and ¢ = u,d,s. For the AS = 0 effective Hamiltonian with

Wilson coefficients agd) (w;) we use the notation

_4Cr Z / (dondundusdun] Y ad(w;) O (wj). (4.15)

i=1-8

To pull the CKM structures out of the SCET Wilson coefficients we write

A g (w;) + A aie(w;) [i=1,2,3,4],
Hwy) = (4.16)
D 4+ 2D ay(w;) [i =5,6,7,8],

where /\( D = = VpbVpq- Identical definitions for @] are made by replacing AD A
and A — 2. Fori = 9,6,7,8 only penguin operators contribute.

Next we take the B — M; M, matrix element of Hy,. The factorization properties
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| M, M, H(z,y)
o, o ot 1~a1 i(z,y) — di(y, <) - a3(z,y) - @5(y, @)
n=n®, p~n® w0, pMi f[ 3(z,y) +af(z,y) — 83(y, =) — af(y, 7))

00 0,0

om0, w000, p0p° 304(x, y) + ad(z,y) + 385(z,y)] + [z o y]
K(*) K(*)+ _a’lli(xay) - ag(x’ y) - a’g(y’ .’B)
J4QU Q8 a3(z,y) + a4(y, x) + ag(z, y)
K&~ K0 a5(z, y) + ag(z, y)
W—K(*)O, /)'—.K'("‘I(j a;(xay) + aZ(x,y)
mOR ™= PR )~ ~Z5183(z,y) +a5(z,9)]
TOK®0 0K (*)0 75 43(z,)

KO-, pr K- —a3(z,9)

Table 4.2: Hard functions for B® and B~ decays for the annihilation amplitude AY

Lann

in Eq. (4.20). For each pair of mesons in the table, the first is M; and the second M.

of SCET yield

2 -
(M Ms|OF”|B) = — 52 (Ml s Pr G s |0) (Mo Prtn410) (01 Prbs | B)
b

+ {Ml €« Mz} , (417)

with similar results for the other O(lL) terms. Here the {M; < M,} indicates terms
where the flavor quantum numbers of the M, state match those of the 7i-collinear
operator. The matrix elements in Eq. (4.17) are zero for transversely polarized vector
mesons in agreement with the helicity counting in Ref. [101]. Equation (4.17) can be

evaluated using Eq. (4.13) and

+3
(Pny(p )IqﬁfwﬁPLRq(f )0y = 2fP cpsfr Onn, 0(R-p—w+w') dp(y),

/ 1jymyn-€ _
(Vo (p,€)139), #PL R ¢/ )10) = f—2ﬁ7‘ cvss Onm 6(R-p—w+u) Sy (y) . (4.18)
Here f, f' are flavor indices, ¢p(y) and ¢y, (y) are the twist-2 light-cone distribution
functions for pseudoscalars and vectors, y = w/f - p = w/ms, and cpspr, cysp are
Clebsch-Gordan coefficients. For the M, mesons, P,, and V,,, we have the same
equation with n < 7, and y — z. Since the P g only induce =% signs in the pseu-

doscalar matrix element, it is convenient to define
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[ MM, H(z,y)
T K®F pm KM+ —a4(y, )
nOK (0 O K (=)0 7 44(y, )
rnt, npt, p —r, p “pt ai(z,y) — as(z,y) — a5(y, r)
7970, 70,0, 00 [% Hzy) +85(z,9)] + [z 9]
K- R+ —di(z,y) — a3(y, =) — a3(z, y) — a3y, =)
KOR (0 a3(z,y) + a3y, ) + a3(y, =)

Table 4.3: Hard functions for B, decays for the annihilation amplitude A{) Lann 1D
Eq. (4.20).

= a? + ka, a3 = a2 + kal, ¢ = af + Kad, @l = a + kad, (4.19)
with similar definitions for a{. Here k = +1 for PP, VV, and k = -1 for PV

channels. Using these results, the O(A/m;) local annihilation amplitudes are

Lann

AD (B — MM)—M / drdy H(z,y) " ()" (z).  (4.20)

Here H(z,y) are perturbatively calculable hard coefficients determined by the SCET
Wilson coefficients @;(w;). Results for different final states are listed in Table 4.2
for B® and B~ decays, and in Table 4.3 for B, decays. Our derivation of the local
annihilation amplitude in Eq. (4.20) is valid to all orders in «;,, and provides a proof

of factorization for this term.

Matching at tree level involves computing the O(a(m3)) graphs in Fig. 4-2 and

comparing them with matrix elements of the SCET operators Q£4). Doing so we find
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a) n b) c) d) X <
soft

Figure 4-2: Tree level annihilation graphs for B — Mj; M, decays. Here soft, n, 7i
denote quarks that are soft, n-collinear, and #i-collinear respectively.

that the Wilson coefficients a;(z,y) are

o = EFL;;W—) Flz.y) ( Cit g Cm), o = Cmra.., Crmos(pa) (g 010) ’

tpy = CFWas Crmoy(pn) Flz,y) (02 + g 09) e = C’F’ffas Nh) z,9) (g Cg) ’

a3y = CFM"(” Y Pz, ) (04 5C ) tae = F m”(“ Y F(a,y) (Ca- % )

ey = Cpms(uh) F(z,1) (03 _2{ ) o = vara,,(uh) (Cs % )
=-C—F%%82(ﬂlF(g,z)(g—Cg), as =0,

ay = 9‘171]%2(—“’-‘) F(3,%) ((J6 _ %Cs) . ag=0, (4.21)

where up ~ mp, T =1—1z, § = 1 — y, with quark momentum fractions x and y as

defined in Eq. (4.18) and shown in Fig. 4-2. The function F is

F(z,y) = [—L - ——_1——} L COLIC) : (4.22)

Yy yzg—Dlg y

where the g-notation and term involving the Wilson coefficient d(u—) are discussed
below. The function F(7, Z) will involve d(p ). Note that the coefficients asy 3¢ 4u 4c,7,8
are polluted in the sense of Ref. [19], meaning that O(a?) matching results propor-
tional to the large coefficients C; o could compete numerically. The others are not
polluted: a1y 2, involve Cy 2 at O(ce,), while aic2.56 only get contributions from elec-
troweak penguins. Our results for the diagrams in Fig. 4-2 agree with Refs. [103, 33]_.

This includes the appearance of the combinations of momentum fractions in the func-
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tions F(z,y) and F(§,Z), up to g-distribution and d-term. For later convenience we
define moment parameters which convolute the hard coefficients with the meson dis-

tributions

,BMIMz - / dz dy [aiu(z, y) +Kaira(z,y)] ¢Ml (y)¢M2($)

BriMz = /0 dz dy [aic(z, y)+ Kaira(z, )] 6™ (y) 82 (z) . (4.23)

In Eq. (4.22) the subscript ¢ denotes the fact that singular terms in convolution
integrals are finite in SCET due to the MS-factorization which involves convolution

integrals such as

/
dz, dz!. §(1—g—g') 2HET 1) (4.24)
$2
xz’;éo

where z) and z{ correspond to label and residual momenta [124]. Implementing
z # 0 and 2’ # 0 in the MS-factorization scheme requires zero-bin subtractions and
divergences in the rapidity must also be regulated. The d-function sets 2’ = 1 — «z,
so ' # 0 enforces z # 1. With the usual assumption that ¢ps(z) vanishes at its
endpoints with a power-like fall-off slower than quadratic, only integrals over 1/Z2 in

F(z,y) and 1/y? in F(§, ) require special care,

(72 oum(z, 1) 2 ¢M(w 1)
dz , . 4.25
e T Ch
The resulting moments (Z~2)™ and (y~2) should be considered hadronic parameters,
for which we use the minimal subtraction scheme. Their value depends on u and
p+ and are scheme dependent beyond the usual MS scheme for ¢y. In order to
derive a result that makes it easy to model these moments we follow Ref. [124] and

assume there is no interference between the rapidity renormalization and invariant
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mass renormalization, which gives

1 = 1/ =
()M =/odx éu(, 1) ;2w¢M(1,M) (1) In (n pM) ,

oMY oy, ) — ydh O, p) |, n-p
(y=2)" = /0 dy 2 " MP L (0, ) ln(—'ufi). (4.26)

Here ¢},(1) is generated by a zero-bin subtraction which avoids double counting the
region where Z — 0. When Z — 0 the corresponding outgoing quark becomes soft,
and this contribution is taken into account by a time-ordered product term in Ta-
ble 4.1. To obtain the renormalized (Z=2)™ result in Eq. (4.26) requires 1/eyy coun-
terterms which correspond to operators with the n-collinear bilinears in Eq. (4.14),

(@5 we #Y5Gn.ws) €tc., which can be written as [124]

o -
Ou = 'az?:(gﬁw)wz?i’)’fw(wtfﬁ)ws . (4.27)

w3z—0

The matrix element of these terms is taken prior to performing the partial derivative
and the limit w3 — 0, and gives @),(1,u). These terms do not have a w3 # 0
restriction, and consistency of the renormalization procedure used to obtain Eq. (4.26)
demands that the fields here are n~collinear. An analogous set of terms are required
for ¢),(0, ). These terms are real at any scale, which follows from the requirements
discussed in section 4.6 for an SCET]; operator to be able to generate a physical strong
phase. The dependences on py in Eq. (4.26) are canceled by the leading dependences
on these scales, d(u—) = In(py;/pu-) + & and d(p4) = In(pi;/p+) + K, which appeared
in Eq. (4.22). Here & can be fixed by a matching computation. The d(u.) correspond
to the renormalized coefficients of the O, and must be included for consistency at
this order {110]. In the rough numerical analysis we do later on, we will treat the

contributions from these coefficients as part of the uncertainty.

Note that in deriving the result in Eq. (4.22) we have dropped e factors from the

propagators. If these terms were kept, the second term in F'(z,y) would be

1
(y +i€) (zg — 1 +i€)

(4.28)
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The i€’s yield imaginary contributions with §(y) and é(zj — 1). They contribute for
y =0 or for £ = § = 1, so these contributions occur in zero-bins, which are excluded
from the convolution integrals in the factorization theorem we have derived with
SCET. The zero-bins correspond to degrees of freedom that are soft, and including
these regions would induce a double counting, so the correct factorization theorem in
QCD does not include them. Factors analogous to z # 0 and z’ # 0 in Eq. (4.24)
ensure that there is no contribution to the integral from any zero-bin momentum,
and we find that the é-function terms give zero. This remains true for more singular
distributions yielding 6 (x), and so also applies to the first term in F(z,y). Thus
it is correct to drop the ie factors from the start. This should be compared with
the approach in KLS where the ie factors generate a strong phase from the tree level
diagrams from a k% dependent d-function. In our derivation any such k2 imaginary

terms could only occur at higher orders in A/my,.

Thus at order a,(up) the lowest order annihilation factorization theorem is deter-

mined by the convolutions

/0 1dac dy F(z,y)¢™ (y)¢"2(z) (4.29)
= MY (g - DY 4 du g (D)
/0 dz dy F(§,7)6™ ()" (z)

= ()" ) = (18t - DY = dn) g 0™

Here we use Eq. (4.26), and

1 M 1 1

i = [ay®2CB e v = [ [y f(,0) 8 (5, ) ¥ (o, ).
0 ) 0 0

(4.30)

These results do not have a complex phase because the right-hand side of Eq. (4.29)

is real.

We have shown that the convolution formula in Eq. (4.20) for the local contribu-
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tions 0,9” yields a well-defined annihilation amplitude. At order a,(m;) the result
is real, so A(ngm is real up to perturbative corrections. Order a?(m;) corrections to
the a; will produce perturbative strong phases in A(ng,m. Further discussion on strong

phases is given in section 4.6, while phenomenological implications are taken up in

section 4.7.

4.4 Three-body annihilation

In this section we compute the leading term in the perturbative expansion of A&‘:Zﬂol,

which has the form

ann H ? 7
AL () TELYD) @ 1 k) fo g (@1) Fomons o, ). (431

Here H is a calculable hard-scattering kernel, @3y is a three-parton twist-3 distribu-
tion, and fs) is the corresponding decay constant. The amplitude in Eq. (4.31) occurs
at the same order in 1/mj and a,(m;) as A" and should be included for a com-
plete leading order annihilation amplitude. Unlike A&i:") its convolution integrals
converge without using rapidity factorization. Furthermore, the LO annihilation in-
volves B-meson information beyond fg, thus demonstrating that annihilation is more

complicated than the short distance picture leading to a scaling ~ fg/m; that is often

used in parametric estimates [43].

Most of the flavor-changing operators in Hy in Eq. (2.15) have spin (V—A) ®
(V —A), such as O% = (@b)y_a (du)y_a. We will prove below that all such operators
give vanishing contribution to Eq. (4.31), so that only Os_g are relevant for our
analysis. The Wilson coefficients of these penguin operators are considerably smaller
than Cj(mp) = 1.08 and Cy(m;) = —0.18, but can give important contributions in
penguin observables because C; 2 only contribute through loops [33].

The calculation of A" _ involves finding SCET} operators of the form

Qz(j) X [iz’,c%eusbv] [_ﬁ,wzeﬁQﬁ,ws] [qn,w1 @nq;,w] ) (4.32)
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Figure 4-3: Tree-level annihilation graphs for B — M; M, decays. The gluon and the
fermion propagator connecting it to the weak vertex are both offshell by p* ~ m,,.
Matching on to SCET], these graphs give rise to the six-quark operators Q®), the
filled circle at the center of Fig. 4.2b.

where 0,; ® 0z ® 6, are color and spin structures, g and ¢’ are flavors, and the
collinear direction ' = n or . The fermion fields are gauge invariant with large
label momenta specified by the subscripts w, for example g, ., = d(w; — ﬁ-P)W;{{,(f)
where W, is a Wilson line. At tree level these operators arise from the full-theory
diagrams in Fig. 4-3 with three light n’-collinear quarks and two collinear in the
other direction, #’. They have Wilson coefficients of O(a;s(my)). We identify n as
the collinear direction of the pair-produced quark of flavor ¢ and sum over all n in
the SCET; weak Hamiltonian. We will see shortly that the flavor structure is as in
Eq. (4.32), and that the matching requires T4 color structures for two of the ©’s.

To finalize our description of the calculation we consider matching the time-
ordered product T[Q(z)ﬁgl)] onto SCETy; with diagrams as shown in Figure 4.2b.
Q® has an excess of n’-collinear fermions since only two are needed to interpolate for
a collinear meson. The subleading Lagrangian [36] ESI) = q;sigﬁi,q;, removes an n'-
collinear fermion and provides the soft field that interpolates for the light anti-quark
in the B meson. Here ig Bi,": = [1/(7"-P) W}, [in - Dy, iDh, | Wpd(w — 7/-PT)], and
the form of the SCET}; operators is

1 _
Oz%T) <k [q./s,n'-krsbv] [dﬁFﬁQﬁ] [annq;]igB,J{,ﬂ, (4.33)

with I'; ® I'; ® I',, containing spin and color structures. The collinear gluon field
strength igBB5 ~ 7, interpolates for gluons in a final state meson, so there is no
perturbative suppression from the factor of g. At tree level, integrating out the hard-

collinear quark propagator in Fig. 4.2g induces an inverse factor 1/(n’ - k) of the soft
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momentum which will be convoluted with the B-distribution, ¢}%(n’-k). In Eq. (4.33)
this compensates the 7 suppression from igB to make O"T) the same order as the
six-quark operators for the hard annihilation, which is O(n”). We have checked that
operators with more igB5’s or with soft gluon field strengths do not occur at this
order in 1/m; and a;s(ms).

Note that SCETy; time-ordered products (T-products) do not contribute at O(n").
To see this, recall that our process has a soft initial state and n and n-collinear final
states. An example of an SCETy; Lagrangian that connects these sectors [97] has
two-collinear quarks and two-soft quarks [126], §,q.énén ~ 7. In these operators
the two n-collinear particles conserve the large p~ ~ 7° momenta, and the two soft
particles conserve the p* ~ n momenta. Thus this operator, as well as analogous
operators with gluons, only support scattering, ns — ns, and not annhilation such
as nn — ss or ss — nn. Another example is Ly ~ &, ApnArén ~ 7%, where analogous
statements hold for n and n. Weak operators, like OgT), that have the same n-fni-s
structure as the initial and final states are already O(n"), so T-products with them
are power suppressed. The above considerations rule out the majority of T-products.
An example of an annihilation T-product in SCET}; that survives these criteria is Ly,
with a weak operator with fields (g,h.€n€n) ~ 1°. These T-products involve at least
one loop momentum #* where, due to the double multipole expansion, #* must be
smaller than the conserved p~ and pt, see Eq.(25) of Ref. [135]. As a contour integral
in £* or £~ we have > 2 poles that are all on the same side of the axis, and therefore
the loop gives zero. At O(n") this is sufficient to rule out possible annihilation T-
products, including those with more than one SCETy Lagrangian. Note that in
Ref. [126] a T-product contribution was identified for B® — D%r®, however in that

scattering process the integral did not satisfy the same pole criteria as we find here.

Constructing the operator bases

Next we construct a full basis for the operators Q® and OUT) in the SCET; and
SCETy; weak effective Hamiltonians, respectively. General symmetry arguments allow

us to reduce the operator bases to the small subset relevant to our calculation of
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A(lann)

nard—eop» a0d for this reason it is convenient to construct the bases for SCET; and

SCETy; simultaneously. First consider spin in SCET}. For light fermion fields of
definite handedness, a complete basis of Dirac structures for the individual bilinears

in Eq. (4.32) is

eu.«y/n’ = {177.?_} ’ eﬁ = {7"7 Vi’)’_‘t} y 9n = {ﬁfﬁ’yi} : (434)

Using these bases, we must construct a complete set of Q® spin structures with
chiralities inherited in perturbative matching from the full-theory fields in O,_;¢ and
the produced gg pair. To make a Lorentz scalar, the spin structure must have zero v, ’s
or two 7, ’s contracted with g%® = ¢g°# — n®af/2 — nP*/2. Note that contracting
with e‘j‘_ﬂ = 7n°e*?*° /2 does not yield an independent operator since for example
i ELRYLER = €Lty y5tR = ELfA* EE. For Oy_49 10 the only allowed chiral structure
is (LH)(LL)(LL) where L and R refer to the handedness for the light quarks in the
bilinears in the order shown in Eq. (4.32). We cannot assign a handedness to the heavy

quark denoted here by H. This chiral structure is realized as the spin structures
Ousimn®6; 060, =101Q{, Ous/n®67 86, =101 Q. (4.35)

We have ruled out the chirality (LH)(LR)(RL) corresponding to a spin structure
1 ® #v¢ ® #yL by using Peit'v$ ® Prt'y: = 0. This equation encodes the helicity
flip argument of Ref. [101]. Similarly, for Os_s the chirality (LH)(RR)(RR) is also
realized as the spin structures Eq. (4.35), whereas (LH)(RL)(LR) is not allowed since

PLity$ ® Prity = 0. We will show momentarily, however, that using SCETy; the

(1ann)

terms in Eq. (4.35) are not needed to compute A4; ", ..

For Os_g we can also have
Ous/n ®07 R0, =11 QR ORYy, ©u/i®6r®6,=7 7 @, (4.36)

corresponding to chiralities (RH)(LL)(LR) and (RH)(LR)(RR), respectively, and
thus the flavor structure shown in Eq. (4.32), namely (g'b)(dg)(dq’). The second
structure in Eq. (4.35) is related to the second structure in Eq. (4.36) by a Fierz
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transformation swapping d; and @, quarks and we will choose the latter for our
operator basis. The complete set of spin structures in Eqgs. (4.35) and (4.36) contains
neither G5/, ® 07 @O, = 1§ QY2 @t NOr O/ 07 VO, = ¥ @R @ fiy~. These
possibilities are excluded by the projection relation 0,/ = ii'yi’@us/nryﬁ/tl and the
helicity flip equation.

Now consider spin and chirality in SCETy;. The allowed OT) spin structures must
respect the handedness inherited from the SCET] fields in the perturbative matching
of T[Q(2)L',g)]. For n' = 7 in Q®, taking either one of the 7i-collinear anti-quark fields
soft yields an annihilation operator. For n’ = n, however, the field g, in the third
bilinear was pair produced and does not contribute to the annihilation amplitude
when made soft by Eg). So given the SCET] spin structures Egs. (4.35) and (4.36)
corresponding to chiralities described in the text, we need to consider OUT) chi-
ralities (LH)(LL)(LL), (LH)(RR)(RR), (RH)(LL)(LR), and (RH)(LR)(RR) with
bilinears in the order shown in Eq. (4.33), i.e. soft — 2 — n. With the first bilinear

purely soft, a complete basis of Dirac structures for the individual bilinears is

Lo={f#~i}, Ta={hili}, Ta={hi}. (4.37)

A Lorentz scalar OUT) has an odd number of v,’s since one must be contracted
into the n— or i—collinear field strength B°. For chiralities (LH)(LL)(LL) and
(LH)(RR)(RR) the allowed Dirac structure is

[ ®Ta®I,)B | = (v @H@R)B | (4.38)

with n’ = n or 7, but the corresponding operators OU7) have sy b, and do not con-
tribute for B decays. Since (LH)(LL)(LL) is the only OUT) chirality corresponding
to the (V—~A)(V—A) operators O;_4,9,10, this proves that only Os_g can contribute to
Eq. (4.31). Furthermore since all (LH) terms are ruled out, the soft quark can only
be ¢, and not a d-quark.

This leaves the (RH)(LL)(LR) and (RH)(LR)(RR) structures from Os_g with
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soft quark flavor ¢, for which we have the additional spin structures,

n=n: T[,@T@T.B ={l@tQih.., ks @B, },
n=a: T,0TB @T,={i®iB:. 0% #o#B., ®fvz}, (4.39)

plus those with # «— # in I, While these eight are all allowed by chirality and
Lorentz invariance, six can be ruled out by considering the spin and factorization
properties of our time-ordered product. The matching from SCET; to SCETy; does
not affect the spin and color structure of the #’-collinear bilinear at this order in the
power expansion, since once a jet direction is chosen the collinear fields in the opposite
direction are decoupled. Here @’ is the opposite of n’. From Eqgs. (4.35) and (4.36)
the allowed ©;s structures have no v, ’s, and therefore the second structure on each
line of Eq. (4.39) does not appear at any order in the perturbative matching. Also,
the allowed structures Egs. (4.35) and (4.36) are invariant under ©,, — O, /2 and
only power-suppressed interactions couple the b—quark to the n’ sector. Therefore,
I's should not vanish under I'y — I‘sii'/Q, and the operators with # «> i mentioned
below Eq. (4.39) are ruled out. In perturbation theory this just corresponds to the
appearance of an #t’ from the n'-collinear propagator next to the b-quark. This leaves

only the operators with a8, in Eq. (4.39).

Finally consider color. In SCET; the operators Q) are color singlets, but each
bilinear on its own could be singlet or octet. A complete set of color structures

includes

Ous/w ®0;®0, ={T*®107%, T°®T°®1, 19111,
1T QT T* QT @ T°f™, T*°®T* ® T°d™}. (4.40)
Once again we can reduce this set using the factorization properties of SCET;. As

argued for spin, an SCETI operator with color structure ©;, matches onto a SCETyy

operator with the same structure I'z in its 7’ bilinear. So @5 cannot be a color octet,
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and the allowed structures are

9us/n®@ﬁ®@n={l®l®l, Ta®1®Ta}
Ous/n®6;:®6,={10131, T*®T*®1}. (4.41)

In SCETYy each of the three bilinears interpolates for a color singlet meson and there-

fore each bilinear must seperately be a color singlet, [, T, T, =1®1® 1.

Matching onto SCET; and SCETy;

We now present the matching from Hy in Eq. (2.15) onto the SCET; operators Q2
and then the matching of the SCET; time-ordered product T[Q(2)£g)] onto SCETy
operators OgT). The hadronic matrix elements of Of;T) will give the factorization

formula for Ag‘;ﬁ'_’)co]. From the arguments presented above, the complete basis of

SCET; operators Q@ is

2 -—
g?l) = -T% Eq,ql [q:t,ws P, L’le_Tabv] [dﬁ,wz?ip L qﬁ,ws] [q"rwlﬁ 73; T°Pr q;"““] ’

2 ) ] .
o = = > e’ LTns PLYIT?b0) [ BYa T PR G5 (@i PPR Gy »

2 2) ey
:(3d),4d = Q&d)ﬁd —ég' ) (4.42)
with sums over ¢, ¢ = u,d, s, plus analogous operators le)_sd which have color struc-
ture 1 ® 1 ® 1. The electroweak penguin operators O7g induce the two operators
g'j’i{4d, which have the same spin and flavor structures as OS}M, but with a factor of

the quark electric charge ey included under the summation. Combining the pieces in

SCETy, a complete basis for the O(n”) operators with one z'ng that contribute to
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B decays is

1 = _ , ’
OgldT) = m.g, L+ zq,q’ [qfs,—k+PL¢’ szb‘v] [dﬁ,w2¢'PL qﬁ,w3] [qn,wlﬁ (ngJ.)ﬂ,WSPR qn,w4] 3

1 o - , _ /
OSIT) = m;g k- Eq,ql [qs,—k— PLii Srizb'v] [dﬁ,wﬁ" (Zgﬁl)’ﬁ,wspR qﬁ,wa] [qn,wlﬁpR q'n,,w4] )

3e
O3 = O 5L (4.43)

Here 7, ;. = (7,Sn)0(k* +n-P") and g, = (§,5a)8(k™ +7-P") and the direction
for the soft Wilson lines .S,, and Sy, are determined by the matching from SCET;. Just
like the local annihilation operators, we see that the O,(IT)’S can not create transversly

polarized vector mesons. The basis for AS = 1 decays, 0§:T) switches d — 3x.

Next, we carry out the perturbative matching onto the bases in Egs. (4.42) and
(4.43), and derive the factorization theorem. The SCET; weak Hamiltonian with

Wilson coefficients al for the operators Q2 i 1S

45:" (,\<d>+A<d))Z / (dindundusdundios] 3 alo(w;) QD (wy).  (4.44)

i=1-8

Hy =

Since only the penguin operators Os_g contribute, we pulled out the common CKM
factor with \? = V,,v* oy and 2D = = Va V. The analogous result for AS = 1 has the
same a?® coefficients. To match onto the al* at tree level we first do a spin Fierz on
the full theory Os_g operators to obtain spin structures P, ® Pg, and then compute

the graphs in Fig. 4-3. Only graphs c) and d) are nonzero and we find [at p = my)

ahc(:r y 17) _ Was(mb){ 2Cr C5 + Cg (20}:' —CA)05+03}
P Ne |yle(l-y) -1  (1-2)y(1-9)

ahc( 5 y) _ was(mb){ (QCF —CA)C5+06 20F05+C6}
2 0% Ne Z(1-z)1-y) -1 zy(l-=z) |

(4.45)

The coefficients a % are identical to a’f% respectively with the replacements C5g —
Crg. allq also begln at O(as(mp)) but give as(u;)-suppressed contributions when
matched onto SCETyy, so we do not list their values. These coefficients are “pol-

luted” in that one-loop O{a,(ms)?) contributions proportional to C, 5 could compete
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numerically with the results in Eq. (4.45). Here z,Z,y, and § are defined in Fig. 4-3,
namely y = wy/mp, § = —ws/Mp, T = wa/Myp, T = —ws/mp. For n’ = n as in a; 3, we
have Z = 1—z, but § £1—y since the momentum is shared between three n—collinear

partons. Likewise, for n’ = 7 as in a “wehave j=1—-ybutZ#1 —z.

Having constructed the operators Q® and determined their Wilson coefficients,
it is straightforward to match the time-ordered products T [Q(2)£21)] onto the SCETyy
operators O}T. For odd indices 7 and even indices ¢’ we find that integrating out the
hard-collinear quark propagator, shown as the dashed line inside the gray region in

Fig. 4.2b, gives

i [t TR @O @) =5 [ a0l ),
i /d%: T[Qgig<w,.>](0)cg>( E / dk™ O (k™ w;) . (4.46)

At O(a?) in perturbation theory this matching would include non-trivial jet func-
tions. For example, in the first line a [ duw] ,J(k¥,wf,,wi4) with ), taking the

place of wy 4 In OST)

. However at this order additional time-ordered products and
non-perturbative functions become relevant so we stick to O(a;) in our analysis. To-
gether Egs. (4.45) and (4.46) complete the tree-level matching. Now take the matrix

element of OE;T) using Eq. (4.18) and the three-body distributions

. ( _ _
<7T141_1 (p)| ﬁn,wl ﬁ (lgﬁ_L)n,wspR dn,w4 l0> = _££ 6nn1 (5(71'])—(4)1 _w5+w4) ¢3P(y7 y))

5

(4.47)

ifgvmvﬁ - € 5

(07, (P, €)] Tngoy 7o (19B 1 )05 PR oy |0) = r gy om §(7-p—wr —ws+ws) Pav (Y, 7) -

Our convention for the vector meson matrix element has been chosen to simplify
the final result for the amplitude and is related to that of [92] by fsv = my fy

and ¢3y = —7 /2. Permutations in the flavors give the definitions for other meson
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B — MM, Hj Hpeo
wo0n~, p°n~ 7%~ —715 aye — -\%5 ax° 715 az® + 71,7, aze
770, pn® = p° —‘}—5 a}® + s af° —% ahe — % ale
T, 1r+p‘ p+7r” —af® + Zale ak — Zal°
7r°7r° p°n® ahe — Zale —af°+ 1af*
KK (*)0, K00 ake — lale —a3® + 2ake
K-K®0 gt)-K0 ahe + ahe —ah* — gh*
7~ K®0 p~ KO a + ake —aht — ah*
K™= K- —-\—}-5 ahe — 71,5 ake 71,3 ake + —}5 ale
nOK ™0 0 K0 % ahe — ﬁ ake _\/Li a + 21W ahe
atK®)- ot K- —a? 4 Lab° ahe — 1al°
B, — M, M, Hp Hpeo
K*n=, K**n~, K*p~ 1—(2’1“ + %agch la’z';— %afl,'c ]
+Kozr 0, If-:oﬂi’ KCZ)O *— % al:c— '21%}530 _ﬁ ZZ c +IEZ§ a4c
KTK™, K*™K~, KK —a;° + 503 ay® — 504
KOKO, K*OKO , KOK*O a{w _ lza:};c _agc + %al};c

Table 4.4: Hard functions for the annihilation amplitude A in Eq. (4.49) for BO,

Tann

B~, and B, decays. The result for B~ — 7% is obtained by adding the results
using the entries from the first two rows, and so vanishes in the isospin limit.

channels, and we use the phase convention in [88]. The soft matrix element is
Jems
Ol i P SibulB) = 225 (n'-K) (4.48)
Combining these pieces the factorization theorem with tree-level jet functions is

ann G f m o ¢+ k
Al(llard—)collin = \/;'TBJ ()‘z(td)-l-AS:d)) / dk —Bg__) (449)
¢ M1M2

{faleMz / dz / dy / dy P ";’y) doras (4, )b ()

-z My M,
+nM1fM1f3M2/dy/dx/ Hhc2 (x z y) ¢M1(y)¢3M2($ x)}

where 7y = —1 or +1 for a pseudoscalar or vector meson, respectively. The hard co-
efficients Hy71™2 and H3M for different B — M; M, channels are listed in Table 4.4
in terms of coefficients in the SCET| weak Hamiltonian. The amplitude contains

the three-body distribution function as promised. The convolutions in Eq. (4.49) are
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real, and assuming the standard endpoint behavior for the distribution functions they

converge without the rapidity factorization of [124].

For the parametric and numerical analysis in section 4.7, it will be useful to define

moment parameters

at5(,y,9)

MM graMe / dzdydy %y? B3, (¥, 7)oy () (4.50)
a (z,7,y) 1 [dk

hes s Bhek = / dydeds —=—— o, (1) by (2,3), B =3 / —95(k),

where B = \5'/3 has mass dimension —1.

4.5 Chirally Enhanced Local Annihilation Contri-

butions

At order ay(up)umA/m2 there are contributions from chirally enhanced operators
that could compete with the a,(up)A/my terms [33]. In SCET we define these con-
tributions as the set of SCETy; operators analogous to 0§‘L’ but with an extra P,
between collinear quarks fields. We start by constructing a complete basis for local
operators at this order with a 'Pf, calling them O§2L). These operators have the same
color and flavor structures as Eq. (4.14). The chiral structures induced from the op-
erators O;_jp and the initial basis of Dirac structures shown in Eq. (4.10) are also the

same, and allow us to eliminate many possibilities.

The complete set of Dirac structures from matching the operators O;_49,10 include

T, ® T ®T,P? = {12 @ @ P, 1% @ it ® i PP,

v @y @ Ava P, ¥5 @ vz @ Bva Pl Y, (4.51)
plus the analogous set I's ® F,—,'Pf_ ® I',. Our basis does not include operators with

’PL because the mesons M; have zero L-momenta, so we can integrate these terms

by parts to put them in the form in Eq. (4.51). The third term in Eq. (4.51) has
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chiral structure (LH)(LR)(RL) and vanishes by Eq. (4.11). The terms in Eq. (4.51)
all have g,/ by, and so do not contribute for B-decays. The same holds if we replace
‘Pf by igBﬁ. Thus, at any order in perturbation theory the only O(n®) local operator

contributions from O;_49,10 are those with a D# in the soft bilinear.

For Os_g we have the structures in Eq. (4.51), and when the ¢ flavor is a soft

quark with Py ® Pg Dirac structure from O; we also have

T, @2 ®T,Pf = {1@ 14 ®7PL, 1®4v5 @ P},
T,@TP! @l = {184P2 @i, 104PL O}, (4.52)

plus operators with 1 replaced by # —i, which vanish due to Eq. (4.13). The operators
in Eq. (4.52) contribute to B-decays. In particular, they yield both transverse and
longitudinal polarization in B — VV. A complete basis for the local O(n®) operators

with one P? is

1 o T _
ngiL) = E[f Eq,q' [quLbU] [dﬁyw2¢’PL qﬁ,ws] [q’n,wl ﬁP_LPR qa,w‘;] )

1 -
OéZL) = ;‘ng Zq,q’ [qf,P va] [dﬁ,wzﬂﬁ)lp R Qﬁ,ws] [Qn,uu%P R Q;z,w4] )

1 _
O:g?iL) = ;g Zq,q’ [q.'sP va] [dﬁ,wﬁ’i'ﬁl&- Pp ‘Iﬁ,ws] [Qn,wl #Pr PJB_q;z,w4] )

1 » - _
OgiL) = ;2 Eq,q’ [qu va] [dﬁ,wﬂ"P L 'P_{Qﬁ,wa] [q",wl ﬁ'YbL P R Q:z,w‘;] )

08P = 0 3% : (4.53)
with sums over ¢,¢' = u,d,s. Note that the flavor structure of these operators is
identical to OS,L). For the the electroweak penguin operators O;g an additional four
operators Oéiﬁ)s 4 are needed, which have the same spin-flavor structures as Oﬁﬂd, but
with an ey charge factor, 3, . 3e,/2. Again we caution that we have not considered
the complete set of local A2/mZ operators, since our basis does not include three-body

terms with an igB/, nor terms with an extra D, soft covariant derivative. We have

also not considered O(ua, pir A/my) terms. All these terms are real, and it would
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be interesting to calculate them in the future.

The weak Hamiltonian with Wilson coefficients for the operators 0,?3” is

4G
Hw = \/g (D +2D) Z f [dw1 dwsdwsdwy] Z X(wj) O(2L)(wj).

i=1-8

(4.54)

Since only the penguin operators Os_g contribute, we pulled out the common CKM
factor. Matching at tree level onto the operators o,fj” by keeping terms linear in the

1-momenta in Fig. 4-2, we find

X(z,y) = ﬁw (06 + ]C\; )Fl(x y) + —Fz(x y)]
(o) = LR | (G VRG2) + TR
a¥(z,y) = é-c,m—]\(;f(li) L - (Ca+ ]C;;)Fs(ﬂc y) ~ —Fz(w y)]
(o) = L (0 )R - P2
@ 4(z,y) = &_4(z,y) with Cs — Cy, Cs — Cs, (4.55)
where z and y are defined in Fig. 4-2 and
Rle) = [Jrrgs] + 6@ 5] + b)) | + bt @),
o) = [ ] + w8 5] ) 0| 5] + s @5 0)
(4.56)

Here d;_g play the same role as d in Eq. (4.22). The coefficients af_g are polluted in
the sense of Ref. [19], meaning that O(a?) matching results proportional to the large
coefficients Cj» could compete numerically. This makes the computation of these

O(a?) corrections important.
For decays mvolvmg a pseudoscalar in the final state, the Operators Old and
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0(21‘) generate so-called “chirally enhanced” terms, proportional to us. Time-ordered

products of SCET; operators also generate py terms, but only at O(a?). It is not
clear that the chirally enhanced terms are larger numerically than other power cor-
rections. In particular three-body distributions from operators with &,(igB )T¢, are
parametrically (and sometimes numerically as well) of similar importance [63]. The

distributions are related by [92]

feup [¢P () + 2 @z-1) ¢F(z )] 3p[ (t)(x) (t)(x)] |

( ) -2
fP#P[ (:r) ( )¢P( )] = —fsp [G%(w) l(t_)_( )]; (4.57)

where ng) (z) and ng (z) are integrals over the three-parton distribution, ¢3p. These
relations allow certain chirally enhanced terms with pp fp to be traded for non-chirally
enhanced terms with f3p. Thus it is clear that the chirally enhanced terms dominate
over the three-body operators only in the special case when the linear combinations
in the square brackets on the left-hand side of Eq. (4.57) are numerically suppressed.
Solving with these linear combinations set to zero determines the two-body distribu-
tions ¢ and ¢£ in the Wandzura-Wilczek (WW) approximation [136]. Thus in order
to uniquely specify the up dependent terms, the WW approximation was needed in
Ref. [33].

In contrast, in SCET we are not forced to assume a numerical dominance of the
pp terms to uniquely identify them. We can instead define local chirally enhanced
annihilation terms to be the matrix elements of the operators Oﬁl’) and ng) for final
states with a pseudoscalar. With a minimal basis of operators, the matrix elements
of these terms are unique. The remaining terms involve other operators, and we
postpone discussing them to future work. We proceed to work out the factorization
formula for OgL) and ng‘) with steps analogous to Eqgs. (4.17) through (4.20). To

take the matrix element we need Eq. (4.18) and the result

_ ' ] _ ,
(Pa ()| G, A PLPRGY) 10) = —G 1y Oamy 6(ep —w — ) fopp ¢y (y) . (4.58)
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Here cpsy are Clebsch-Gordan factors, y = w/n - p, and we have not written the o’
dependence in the distribution due to the 6-function. The distribution ¢/ (y) is related

to more standard twist-3 two-parton and three-parton distributions by {92, 124]

00 =3 W+ 50+ 222 [ Doy @59

Note that in upcpfp, the ¢3p term does not have the chiral enhancement factor up.
There will be additional terms proportional to ¢sp generated by three-body operators.
We choose the a.nd ¢3p basis of twist-three distributions, keeping in mind the
relations in Eq. (4.57). For decays involving one or more pseudoscalars in the final

state we find the chirally enhanced local annihilation amplitudes

@ _ Grfefmfu ! . \
Afonn = W (AD + 1) dﬂv dy [#M;Hn(z, Y) dot ()92 (2)

+uM2Hx2(w DO W),  (460)

where p, = pg» = 0 and using isospin p, = m2/(my + myg), px = m%/(m, + m,) =
m2/(ms + my). Terms with ¢3p or terms of the same order with a D¥ in their soft
matrix elements have not been included in our A% Lann, though they also give local an-
nihilation contributions to A®. Furthermore, we focused on the pseudoscalar matrix
element in Eq. (4.58) to derive the contribution in Eq. (4.60). The Old g Opera-
tors in Eq. (4.53) will contribute additional terms for decays to longitudinal vector
mesons involving distributions h(s) and h|(|t) (our notation for these distributions fol-
lows Ref. [92]). The operators O 3d, L) will produce decays to two transverse vectors
with distributions from among ¢, F, V, A. It would be straightforward to work
out a factorization theorem from the operators OfflL) in terms of these distributions,

though we will not do so here.

Results for the hard coefficients H,; and H,, in terms of the Wilson coefficients a)f
are given in Table 4.5 for B® and B~ decays and in Table 4.6 for B, decays. Note that
there are no chirally enhanced annihilation contributions for the B, — n or B, — pm

channels, so B, decays could potentially be used to separate annihilation contributions
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K-K®0 K®)-KO

M1M2 Hxl(xa y) ng(l', y)
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KW~ ptK- —ay(z,y) + 3a5(z,y) a3(2,y) — 305(%,9)

Table 4.5: Hard functions for the annihilation amplitude A®

Lann

in Eq. (4.60) for B°

and B~ decays. The result for B~ — 7%~ is obtained by adding the results using
the entries from the first two rows, and so vanishes in the isospin limit.

[ M, M,

Hxl(x7 y)

I sz(x,y)

J

K*tn=, K*n~, K*p~
KOTI'O K*°7r°, KO pO

)+ 1)
/2 af(x,y) T B a?(l‘,y)
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G,)lc(.'L‘, y) — 5a§(:1;, y)

a3 (z,y) — %gé‘(w,y)
—ax(z,y) + 305 (x,y)

Table 4.6: Hard functions for the annihilation amplitude A®

1. in Eq. (4.60) for B,
decays.

and A

Lann’

from AY

Lann For later convenience we define moment parameters

1 1
it = 5 [ dodyaly(o) 638 ()6 (0),

1
it = 5 [ dodyao(a )" )olp ). (4.61)

Neglecting ¢3p in the WW approximation yields ¢f (y) = 6y(1 —y). At order a,(us)
our results for 8,; and B,2, taken with the WW approximation, agree with the con-
volutions derived in this limit in Refs. [33, 40]. Ignoring the g-distributions we would
find that these convolution integrals diverge. The zero-bin avoided double count-
ing in our convolutions, and yields a finite and real result for the chirally enhanced

annihilation amplitude.
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Let’s see how the convolutions work out at order a,(up) following Ref. [124]. We

need two standard convolutions involving zero-bin subtractions,

s ] e =y (s ).
/oldxdy [yl ] P )opr(@) = (32277 (W)™ + ()™) . @62)

Here we model the y~2, y~! moments as in Eq. (4.26) and Eq. (4.30), and for the

remaining convolution we find

1 My Myt
<y_2 g_1>z1 _ /dy |:¢pp( (ya ) y¢ (03#)

y2(1—y) y? ] + ¢£§"(O,M) In (E{TM}') . (4.63)

The p4 dependence is canceled by tree level logarithmic dependence in the coefficients,

dia(p-) = In(pyy/p-), dos(p+) = (P /14 ), das(pee) = In(ppe/p-) In(piy/py). The

kernels in Eq. (4.55) also involve two more complicated convolutions that are derived

in Appendix A,
- 21-1\MiM2 lx 1 1 Mz (.
(10 -9 = [anay| )| o)
PEREE)  SH0) (@) e, ¢Mz(x ) In(2 ~ 2)
/ / [(m+y—xy>xy G+ v ] P ‘O)/d —or
1\MaMy _- 1 L ()M (1
(0 -z g = [y ] et (464

/ / [¢M‘ (y) ppr2(x) +¢M’(y)¢%2'(1)] +¢%2,(1)/01 dy ¢Ml(y);1(1+y).

(T +y—zY)2% (Z+y)zy

@

As promised, the minimal subtraction scheme yields a well defined result for A; ..

The scheme dependence cancels order by order in a,; between the matrix element
and perturbative corrections to the kernels obtained by matching. In any scheme the

result at order o;(up) is real.
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4.6 Generating Strong Phases

In this section we derive results for the order at which strong phases occur in the
power suppressed amplitudes A). It is convenient to classify complex contributions
to the B — M; M, amplitudes according to the distance scale at which they are gen-
erated. We use the terminology hard, jet, and nonperturbative to refer to imaginary
contributions from the scales my, /mpA, and A? respectively. We will not attempt
to classify strong phases generated by charm loops, since a complete understanding
of factorization for these terms order by order in a power counting expansion is not

yet available.

For a matrix element to have a physical complex phase it must contain infor-
mation about both final state mesons. Generically, terms in the factorized power
expansion of B — M; M, amplitudes involve only vacuum to meson matrix elements,
so strong phase information can be contained in the Wilson coefficients or the factor-
ized operators, but not in the states. This provides tight constraints on the source of
strong phases. Nonperturbative strong phases will occur if matrix elements of these
factorized operators give complex distribution functions. A sufficient condition to
generate a nonperturbative phase, is to have a factorized operator that is sensitive
to the directions of two or more final state mesons [126], information that can be
carried by Wilson lines. Physically, this is a manifestation of soft rescattering of final
states. In processes like ours where soft-collinear and collinear(n)-collinear(#) factor-
ization are relevant, and there is only one hadron in any given light cone direction,
this criterion implies that all strong phases reside in the soft matrix elements, where
the directional information from collinear hadrons is retained in soft Wilson lines, S,,
with direction r#. Since S}S, = 1 these Wilson lines often cancel, but for many of
the power suppressed terms listed in Table 4.1 the cancellation is not complete. This
mechanism for generating a strong phase was first observed for B — D°z° [126],
where a nonperturbative soft matrix element occurs through four-quark operators
depending on n and v’ (which are null and time-like vectors for the final state light

and charmed mesons, respectively).
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For the B — M; M, decays with two energetic light mesons, a nonperturbative
strong phase requires a soft matrix element depending on the S,, and S; Wilson lines in
SCETy;. The simplest way to obtain the Wilson lines for the soft operators is to match
SCET; onto SCETy; [23]. In SCET; one first uses the decoupling field redefinition
on collinear fields [22], & — Y&, & — Yala, An — YoA,Y,! and Az — Y3A5Y7,
which generates the Wilson lines and factorizes usoft and collinear fields. The fields
of a given type are then grouped together by Fierz rearrangements. Matching the
resulting operators or time-ordered products onto SCETy gives Y, — S, and we
can read off which soft Wilson lines are present. Because of the properties of the
subleading SCET; operators, we will not have an S, and S; in the final SCETy;
operator unless we have a subleading SCET; Lagrangian with an n-collinear field and
usoft fields, and one with 7i-collinear fields and usoft fields. We used this property to
determine which entries are real or complex, and listed the results in the last column
of Table 4.1. The complex entries with multiple Lg])’s [35] also have at least two hard-
collinear gluons, and so generate contributions that start at o,(u;)?> when matched

onto SCETII

To determine the perturbative order of the complex contributions, we must also
classify which hard and jet coefficients give complex phases. In general any hard
coeflicient generated by matching at > 1 loop will give imaginary contributions, since
these loops involve fields for both final state mesons, as pointed out for the general
case in Ref. [31, 32] and for charm loops in Ref. [12]. Since all leading order con-
tributions in Table 4.1 have at least one a,(u;), the hard imaginary contributions
for A© are Ofo,(us;)as(ps)/m). At order A/my all annihilation contributions but
Qg‘l) have at least one a,(u;), and for these terms the hard complex contributions
involve a,(u;)as(un) and thus are smaller than the nonperturbative terms propor-
tional to ay(u;)%. For Q£4) the amplitude is real at the leading perturbative order,
as(un), as demonstrated in section 4.3, and so hard complex contributions start at
a?(ps). In contrast for the amplitude Aﬁle)st a complex amplitude is generated at order

os(1i) A/my, which is only suppressed by A/m;, compared to A©.

Finally, we should examine complex contributions from the jet scale. At leading
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order there is a unique jet function J [19]. J also contributes to the heavy-to-light
form factors and only knows about the n-collinear direction. Thus A©® does not
get imaginary contributions at any order in the «4(p;) expansion (which has been
demonstrated explicitly to a2(u;) [28]). At next-to-leading order in the power expan-
sion, there is no known relation of the power suppressed jet functions with analogous
jet functions in the form factors. However, the subleading jet functions also depend
only on one collinear direction, and do not carry information about both final state
mesons that could generate a physical strong phase. We demonstrate this fact more
explicitly by examining the calculation at O(a,(p;)), which is sufficient to see that
the amplitudes are real up to the order where a nonperturbative phase first occurs.
At this order the jet functions are generated by matching tree level SCET| diagrams
onto SCETy;. A typical example is

1
(z + de) (kt + i€)’

(4.65)

where z is a momentum fraction that will be convolved with a collinear distribution
function, and the k% will be convolved with a soft distribution function. These
jet functions are real if and only if we can drop the ie factors. However, just as in
section 4.3, the e terms can be dropped because the zero-bin subtractions [124] ensure
that this does not change the convolution.® Thus factorization gives real O(a,(u;))
jet functions.

This demonstrates that complex contributions in the power suppressed annihila-
tion amplitudes are suppressed,

Im [%} - O(O‘S(’”) ﬁ) + o(ix-;) . (4.66)

On general grounds one might have expected O(A/m,) suppressed strong phases,

which we have demonstrated are absent in A{,, though they do occur in Ailelt.

We close this section by giving two examples of time-ordered products generat-

3A equivalent physical argument for dropping the ie factors was given in Ref. [126], where it was
needed to prove that certain long-distance contributions are absent in color suppressed decays.
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Figure 4-4: Graphs which generate a strong Phase in lowest order matching of SCET;
1

operators onto SCETy: a) has a Q) two ﬁgn)l 4> and one Lg)z , and contributes to the

annihilation amplitude at O(o2(i;)); and b) has a Q) one Eg}l o> and one llg)z £ny
and contributes to non-annihilation amplitudes at O(a;(u;)). Dashed quark lines are
ny or ny collinear, and solid quark lines are soft.

ing the nonperturbative strong phases discussed above. We consider a time-ordered
product with three Egl) insertions contributing to annihilation. When matching onto
SCETy; we integrate out the hard-collinear modes, leading to an eight-quark opera-
tor. Figure 4-4a shows the order o?(y;) contribution to this matching. The soft quark
lines remain open as their contraction leads to an on-shell line which must be treated

nonpertrubatively. The resulting SCETy; operator has the generic form

O" = J(ng -p,n1-l,ny-7ymg - q,ny - k) (4.67)

X (‘jssnl)nyr F(l)(SlﬂS)nz»q ((Issnz)nrk F(Q)(Silhv) ((jm,lr(z)%hl’) (an,pfr(4)qn2,p)

where we use the shorthand subscript notation, (S} ¢s)n,.q = [0(ni-q — ns-P)S] qs].
We took the jet directions to be ny and ng, rather than n and 7, to emphasize that
the soft operator is sensitive to the relative directions of the jets. The functions S;

shown in Table 4.1 are defined by the matrix element of this type of operator

Si(na-k,mam,n2-0,) = (0](@uSn ) T8 (81,05 s 0 (@S ) 6 T (SE, )| B(v))
(4.68)
where ¢ runs over color, Dirac, and flavor structures. To count the factors of 7 in these
amplitudes, note that the hard-collinear contractions give g*, and that the matrix

element of the resulting four-quark operator, (0|(7...q)(G...b,)|B), is suppressed by
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1/(4x)? relative to {0|(g...b,)|B). (The four-quark operator has an extra loop with
no extra couplings.) This demonstrates that nonperturbative complex contributions
first occur at order [a,(1;)?/7](A/mw), i.e., suppressed by [cs(u;)/7](A/mp) compared
to the leading amplitudes. The phases arising from the type of matrix element shown
in Eq. (4.68) play a crucial role in explaining the observed strong phases which arise
in color suppressed decays [126]. Their resulting operators predict the equality of
amplitudes and strong phases between decays involving D and D* mesons and have
been confirmed in the data [129]. This type of diagrams also have long-distance
contributions of the same order, which arise from time-ordered products in SCETy;
and can also be complex. To see this note that the hard-collinear quark propagator
in Fig. 4-4a could also be on-shell (i.e., have O(A?) virtuality), in which case it would
remain open until the matrix element is taken at the low scale. By opening that line
we see that this contribution corresponds to the time-ordered product of a four-quark
operator and a six-quark operator, both of which are generated when matching onto
SCETy;. A long-distance part is the same order in a,(x;) and does not change our
conclusions about these terms. In Fig. 4-4b we show a non-annihilation contribution
to Aﬁ?st which is of order a,(u;)A/mp. This term is generated by the time-ordered
product of QV, an insertion of the n;-collinear Lg), and an operator with ny-collinear
quarks and usoft gluons,

‘Cg) = (E‘nW) Ygzi'wi-s iwi_synz 57% (Wté-n) . (469)

4.7 Applications

4.7.1 Phenomenological Implications

To understand the implications of the experimental data, it is crucial to know which
contributions to the B — M; M, amplitudes can be complex. The best sensitivity to
non-SM physics is via interference phenomena, where new interactions enter linearly
(instead of quadratically), such as C'P-violating observables. The sensitivity to such

effects depends on how well we understand the dominant and subdominant SM am-
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plitudes, including their strong phases. The existence of strong phases in B decays
is experimentally well established (e.g., the B — Dn and B — =nw rates, the CP

asymmetry Ag-+.-, the transversity analysis in B — J/¢YK*, etc.).

One example of how strong phase information can be useful is the method for
determining v from B — 77 proposed in Ref. [25]. The method uses isospin, the
factorization prediction that Im(C/T) ~ O(a,(my), A/ms), and does not require
data on the poorly measured direct CP asymmetry Crom.* The phases in A©® at
as(my)as(p;) are calculable and partially known [31, 32, 38]. The current B — 7w
data is in mild conflict (at the ~ 20 level) with the SM CKM fit [90]. More precise
measurements are needed to understand how well the theoretical expectations are
satisfied, and to decipher whether there might be a hint for new physics. Obviously
further information about power corrections in Im(C/T) could help to clarify the

situation.

In all factorization-based approaches to charmless B decays, several parameters
are fit from the data or are allowed to vary in certain ranges. The choice and ranges
of these parameters should be determined by the power counting. This motivated
keeping the charm penguin amplitudes, A, as free parameters in SCET [19], as
was done earlier in Ref. [67, 66]. In the BBNS approach these are argued to be
factorizable [31, 32]. A fit to the data using this parameterization found large power
suppressed effects [55] including annihilation amplitudes, which might be interpreted
as a breakdown of the A/m;, expansion. In QCD sum rules, the annihilation amplitude

was found to be of the expected magnitude and to have a sizable strong phase [104].

Channels like B — K7 and B — KK are sensitive to new physics, but by the
same token are dominated by penguin amplitudes, which can have charm penguin,
annihilation, and other standard model contributions. Since there are possible large
nonperturbative c-loop contributions in A, that have the same SU(3) flavor transfor-
mation properties as annihilation terms, they cannot be easily distinguished by simple

fits to the data. However, in a systematic analysis based on SCET these correspond

4Here C and T are isospin amplitudes defined in the ¢-convention, where A is eliminated from
the amplitudes in favor of A; and A,.
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to different operators’ matrix elements, so it is possible to disentangle the various
contributions and determine their expected size. The factorization theorems for an-
nihilation amplitudes derived here only involve distributions that already occurred at
leading order. This means that we can compare the size of annihilation amplitudes to
experimental data without further ambiguities from additional hadronic parameters.

We take up this comparison in section 4.7.2 below.

As an explicit example of how to assemble our results in sections 4.3, 4.4, and 4.5,
we derive the annihilation amplitude for B® — K~7t. From Table 4.2 we can
read off the result for this channel, H(z,y) = —a}(z,y) — ai(z,y), from Table 4.4,
Hpe = —a? +a%¢/2 and Hpey = af® — ak¢/2, and from Table 4.5, H,; = —a(z,y) +
1/2a¥(z,y) and Hye = a¥(z,y)—1/2a¥(z,y). With the lowest order matching results
in Egs. (4.21), (4.45) and (4.55) we can set ag = 0 and a4, = a4, which inserted into
Eqgs. (4.20) (4.49) and (4.60) gives

A& = L (40-100) [tz dy (Dot n)e )o@ @)

Lann
_ Grfafafx

7

Ag‘lrzrm(K— +) - ?/%fBZLVB ()‘(8)+/\(8 ) 3:63[ f31er hcl f3Kf7r18th§]

G - ™
A (B~) = ZEEAIE (30130 famay [ { - aia,0) + 508(00) 85,000 @)

= Gealelic (0o { - g+ Lot} 4 2 (e L]

(W+20) B

Thus, both the leading order annihilation amplitude A(lenn + Agznn, and the chi-
rally enhanced annihilation amplitude Agnn are determined by the §’s defined in
Eqgs. (4.23), (4.50), and (4.61). Other Km channels have similar expressions with
different Clebsch-Gordan coefficients. For the loc_al annihilation, which involves zero-

bin subtractions, to see explicitly what the 8’s involve we insert the O(a,) values of
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azu(z,y), af(z,y), and aX(z,y) to give

GrfefmIae (5) |y 4m0s(1in)
V2 O+ 1) 9
Cy G

X{(F“_)R"Q) ™) = (g = )I7)™ + d(u )k (D )]
- 2 (c0- Sr - G) [ ) ) +
= dy(14)8,(0) (272" +(571)") = da(12) (1 (0)]

o (5N (G- -y
2 (- ey - D)+ e - 0

(D) ™)) = ) 004 (0)] | (@.1)

ALann (K— 7l'+) =

Here results for the convolutions denoted by brackets (- - - ) can be found in Egs. (4.26),
(4.30), (4.63), and (4.64) in the minimal subtraction scheme. Results for the leading
hard-collinear annihilation are similar, but simpler since they do not require zero-
bin subtractions. Results for other channels can be assembled in a similar fashion.
Corrections to Argnn + A&igm)conm are suppressed by O[a?(u;)/(mas(ms))], while we
caution that additional a,(up)A/m, terms without a pu, or px will be present in the
last two lines of Eq. (4.71). In the next subsection we derive results for all of these

channels using a simple model for the distribution functions, and study numerically

the size of the annihilation amplitudes.

Annihilation contributions have been claimed to play important roles in several
observables [103, 102, 33, 40, 101], in particular in generating large strong phases in
B — K decays [103, 102]. The B — 7w and K data indicate that the latter decays
are dominated by penguin amplitudes, and the pattern of rates and C'P asymmetries
is not in good agreement with some predictions. In particular, it is not easy in the
BBNS analysis to accommodate the measured CP asymmetry, Ag+,- = —0.108 £
0.017 [91], except in the S3 and S4 models of Ref. [40]. In these models the annihilation
contributions are included by using asymptotic distributions, and divergent integrals

are parameterized as fol dr/z — X4 and fol delnz/z — —X3%/2, with X4 = (1 +
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04€%4)In(mp/500 MeV). Model S3 postulates g4 = 1, 94 = —45° for all final states,
while in the S4 scenario g4 = 1 and ¢4 = —55°, —20°, —70° for the PP, PV, VP

channels, respectively. Thus
$3: X,=40-17i, S4: X4={37-19i,4.6—08i,32—-22i}. (4.72)

In addition, a,(u) and the Wilson coefficients are evaluated at the y; intermediate
scale [40].

Our result for the factorization of annihilation contributions derived in Sec. 4.3
constrains models of annihilation. Equation (4.20) gives a well defined and real am-

plitude at leading order, which depends on twist-2 distributions, ¢a;. It does not
1)

involve model parameters o4 and @4. For A}/

using Eq. (4.26) and the asymptotic

form of the meson distributions, we find a correspondence

«y » ! ¢r(x) _ My
X" =1+ /0 dogin=ln (IZ) (4.73)

Clearly, X4 is real. The asymptotic distributions ~ 6z(1 — z) are more accurate for
large scales, and at the matching scale where p4 ~ my, X4 is not enhanced by a large
logarithm. We estimate |X4| < 1. Thus, the modeling of annihilation contributions
with complex X4 in the BBNS approach (including the phenomenologically favored S3
and S4 scenarios) are in conflict with the heavy quark limit, and should be constrained
to give smaller real X 4’s.

In the KLS [103] treatment of annihilation, complex amplitudes are generated from
dynamics at the intermediate scale from the ie in propagators. The MS-factorization
used in the derivation of our annihilation amplitudes demonstrates that including the
2€ term in collinear factorization would induce a double counting. Thus we expect
such contributions to physical strong phases to be realized by operators with soft
exchange that occur at higher order in A/m; and therefore to be small.

Annihilation contributions were also argued to play an important role in explain-
ing the large transverse polarization fraction in B — ¢K* [101]. It was shown that

factorization implies Rr = O(1/m2), where Ry denotes the transverse polarization
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fraction [101]. Subsequently, it was shown using SCET that Rr is power suppressed
unless a long-distance charm penguin amplitude A, spoils this result [19, 137]. Ex-
perimentally, one finds Rp(B — ¢K*) = 0.5 [91], while Rp(B — pp) is at the
few percent level. It has been argued that the large Rp(B — ¢K*) may provide
a hint of new physics in the b — s3s channel. In Ref. [101] it was suggested that
Standard Model annihilation contributions may account for the observed large value
of Rp(B — ¢K*). Our analysis in Sec. 4.5 agrees with [101] in that annihilation
contributions to the transverse polarization amplitude at first order in a, are sup-
pressed by not one, but two powers of A/m;,. However, we do not find a numerical
enhancement of these terms (which in [101] is partly due to the large sensitivity of
the (2X4 — 3)(1 — X4) function to p4 in the BBNS parameterization). The oper-
ators in Eq. (4.53) give rise to transverse polarization, but since MS-factorization
renders the naively divergent convolutions finite, these power suppressed amplitudes
do not receive sizable enhancements. Although we have not derived explicit results
for the B — ¢K* annihilation amplitudes (since ¢ is an isosinglet), our results make
it unlikely that local annihilation can explain the Rp(B — ¢K*) data. We have
not explored whether the time-ordered products at O(a?(u;)A/mys) could give rise to

transverse polarization, and it would be interesting to do so.

4.7.2 Annihilation with simple models for ¢, ¢** and ¢}

In this section we derive numerical results for the annihilation amplitudes in various
channels using a simple model for the distributions. We begin by examining the local

annihilation amplitude. It is convenient to write the AS = 0 amplitude as

Grfpfm [,
V2

O+ X9 B 0 (B M)+ 225 (B — )] |

Apann(B — M M,) = {)\ff)hu(B — MyMy) + AP ho(B — M, M)

(4.74)
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For AS = 1 decays we replace )\f,,d?c — )\,(fl The coefficients hy, h¢, hy1, and h,, are
equal to linear combinations of By, Bic, By1, Bx2, Bys, and Bye with Clebsch-Gordan
coefficients determined from Tables 4.2, 4.3, 4.5, 4.6. The combinations are simply

determined by the replacements

hy = (H(z,y) with &>°(z,y) — BMM | 63*(y,z) — BMMY)

he = (H(z,y) with a2°(z,y) — BM2, GP°(y, z) — Bt |
ha = (Hxl (z,y) with o 5(z,y) — ﬂxl,xs) )
hya = (Hyxa(2,y) with a¥e(z,y) — Bizxs) - (4.75)

For the coefficients asu 3c4u4c7,s and the aX’s, the O(a?C) ) matching corrections
could be comparable numerically with the O(a,C3_10) corrections considered here.
This should be kept in mind when examining numbers quoted below for the corre-

sponding f’s.

Results for the coefficients B;,, B;c, and B, can be found in Eqgs. (4.23) and (4.61).
To derive numerical results we need to model the meson distribution functions. We

take the C; from Eq. (2.17), use

as(pp) =0.22, tr(ur) = 2.3GeV, tx(pp) = 2.7GeV,
fxk =0.16 GeV, fr=0.13GeV, fB=0.22GeV, (4.76)

where pp = my = 4.7GeV, fp comes from a recent lattice determination [85]. For the
¢’s we take simple models with parameters a¥ and a",p which we consider specified

at the high scale up,

¢M(z) = 6z(1 — z)[1 + a}(6z — 3) + 6ad (1 — 5z + 52%)]
Gpp(2) = 62(1 — 2)[1 + af,,(6z — 3) + 6a}, (1 — 5z + 522)] . (4.77)

Based on recent lattice data for moments of the 7 and K distributions [52] we take

as’ K =02+ 0.2, where the lattice error was doubled to give some estimate for higher
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moments. For the 7 we set a7 = a’{pp = 0, while for the K we use [52] aX = 0.0540.02.
We also take wg, x = -3 £1, a = 0+0.4 and alpp = 0.0 £ 0.2. Note that the
range for our parameters is similar to those used in the BBNS models [33, 40] and
light-cone sum rules [10]. Since the uncertainties in the model parameters are large
and not significantly affected by variation of the uy scales we keep these fixed at
my, where the logs in the d;(u.) terms drop out and the constant under the logs are
neglected. A scan over models with parameters in these limits gives predictions for

the annihilation coefficients. For the B — K channels we find

K _18+12, OK = —0.15 £ 0.10, 7 =0.14£0.09,
K —0.0940.33, 67K =-020+0.09, G7X =-0.0124+0.002, BFK =0.002+0.01,
T =00+65, G =00£58, G5 =0.00.094, e =0.0%0.11.
(4.78)

Using these numbers we can compare the size of the local annihilation amplitudes to
the B — K~7t data,

1AY (K-rt) + AP (K-7t)]

Lann Lann

RA(K™7 =0.11+0.09,
( ) |AEmpt Pengum(K 7")'
_ AW (Kor~) + A® (K°n7)|
RA(K°r™) = |4 Lo Lann =0.12£0.09. 4.79
A( ) IAEzpt.Pengum(K 7T)| ( )

For the numerator we did a Gaussian scan using the values from Eq. (4.78), and
determined the error by the standard deviation. For the denominator we used the
experimental penguin amplitude determined by a fit to the B — K= data in Ref. [26].
Numerical results for annihilation amplitudes with three-body distribution functions
will be considered later in this section. Although they are similar in size to Agg,m
they cause only a ~ 10% change in the value of R4(K~7n") in Eq. (4.79). The values
of R, indicate that a fairly small portion of the measured penguin amplitude is from

annihilation. We do not quote values for the ratio A®) Lonn /A(l) since each of the

Lann?

numerator and denominator can vanish and the parametric uncertainties are very

large. For typical values of the parameters in the K7 channels we find that the AP

Lann
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is comparable or even larger than A‘L{,’m in agreement with Ref. [33]. The size of the
annihilation amplitudes in Eq. (4.79) are consistent with our expectation for these

power corrections. For B — KK we find

1u

KK — _96+6.2, KK 17411, KK — gRK — 0,63 +0.37,
BEK — BRK — _0.14+0.09, BEX = —0.03+0.02, BEX =0.13+0.08,

KK = KK = 063+£0.37, BEX=00x65, KK = 0.0£55

KK = 0.0 £0.095, KK = 0.0+0.11. (4.80)

Using these results to determine the A annihilation contributions to B — KK and

comparing this to the experimental penguin amplitude from Ref. [26] gives

14D (K-K%) + AP (K-KY)|

Lann Lann

“K% = T
RA (K ) IAE:cpt.Pengu'in (K K ) I

=0.15+0.11. (4.81)

This is similar in size to the ratios R4(K~7"), Ra(K°r~) and so also consistent with

a power correction.

We conclude our simple phenomenological analysis by comparing the leading

hard-collinear annihilation amplitude numerically and parametrically to A}(II;Z") and

AZ*™  Rirst we compare the leading-power annihilation amplitudes in B — 7+ K.

Dropping terms proportional to the tiny Wilson coefficients C7_g, we have

Ao K~) _ SEERROND+AY) 385 [~ fan BRI — for FuBE]
A (nK-) ez (N +2) fr i [~ 7K

Ry (7I‘+K_) =
(4.82)

Parametrically, the moments in R, have B4 ~ Bres ~ O(as(ms)), and the power
counting of the prefactor is fsxfBp/fk ~ 1. Also there is no suppression from the

hierarchy in the C;’s since f,, involves C3, and Cs =~ Cs5 ~ Cs. Thus, we have

(tann)

shown that for consistency in the o, and 1/m; expansion, the contributions Aoy

need to be included with the local contributions AS*™™ in the leading annihilation

amplitude. Similarly we can compare the new hard-collinear annihilation amplitude
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to the chirally enhanced annihilation contribution in B® — a*K~. Isolating the

terms proportional to the large coefficients Cs and Cg we have

Alanm) (k- %%,%(AS)H?’) 385 [~ fanfxBFK — frfoxBLK)]

R2(7T+K‘) = s p P
Afri? (K -) Lo (N XY £, fic [~ pnB + irc O]
(4.83)

Parametrically 8y ~ fne ~ as(mp), and R(nTK~) ~ mpBs far/(Frtix) ~ mp/pr ~

my/A as expected.

We conclude with a brief numerical analysis of the ratios R; and R;. The Cji’s
are quoted in Eq. (2.17), and the strong coupling and decay constants in Eq. (4.76).
The three-body decay constants fax =~ 4.5 x 1072 GeV? and fs, ~ 4.5 x 10~3 GeV?
come from QCD sum rules [10] and Bp ~ 1/(.4GeV) was determined in a fit to
nonleptonic data [26]. To model the nonperturbative meson distributions we truncate

the conformal partial wave expansions [141] as

oM (z) = 6z(1 — z)[1+ a} (6 — 3) + 6a3’ (1 — 5z + 52%)]
$au(z, %) = 360c2(1 — z — 2)2[1 + w3M M1 -z—3)-3})].  (4.84)

Eq. (4.50) has convergent convolution integrals for these distribution functions. To
estimate the moments 3 and the ratios R we vary the coefficients in Eq. (4.84) in a
conservative range inferred from recent lattice results [52] for the aM’s and QCD sum
rules [10] for the wsp’s. Specifically we take aT = 0, af = 0.05+0.02, a3 = 0.240.2,

K

and w3 = —1=+1. A Gaussian scan of the model parameters gives

KK — 14404, BEEK=03+01, Ri(x*K")=03to 1.2,
tK 14405 B =01£01, Ry(r*K")=-01t00.1. (4.85)

The denominators of Eq. (4.82) and (4.83) can vanish, giving large departures from
Gaussian statistics. So for R; and Ry we quote the range that contains an equivalent

number of points as one standard deviation for a Gaussian distribution. Eq. (4.85)
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demonstrates that numerically the three-parton contributions to A(%" could be of
the same size or larger than the local piece A'*"™ . Numerically, ms0 fax/(fattx) ~
0.2 causing some suppression in Ry(7*K~). It would be interesting to examine the
size of these three-parton contributions in the kr-approach of Ref. [103].

In this chapter, we demonstrated how a new factorization in SCET renders anni-
hilation and “chirally enhanced” annihilation contributions finite in charmless non-
leptonic B — M; M, decays to non-isosinglet mesons. We constructed a complete
basis of SCETy; operators for local annihilation contributions as well as factorization
theorems valid to all orders in a;. By matching the full QCD diagrams onto SCETy;
operators we showed that their matrix elements are real at leading order in A/m
and as(mp). The lowest order local annihilation contributions depend on fz and
twist-2 distributions ¢**? with dependence on rapidity cutoffs. We also computed
the final missing term of the leading-order annihilation amplitude in B — MM,
decays. These terms involve a three-parton distribution and need to be included for a
complete analysis of annihilation. Chirally enhanced local annihilation contributions
depend in addition on ¢,,"$"2. The annihilation contributions can only have an unsup-
pressed complex part at O(A/my) if perturbation theory at the intermediate scale,
v/Amy, breaks down.

In the previous literature models for the power-suppressed annihilation corrections
were often found to give enhanced contributions with large strong phases, and such
assumptions have been important in some fits to the data. Considering all power sup-
pressed amplitudes not involving charm loops, we proved that complex annihilation
contributions only occur suppressed by a,(v/Am;) Aqep/my, compared to the leading
amplitudes. We anticipate that our results will guide future fits to the vast amount
of data on charmless B decays, and yield a better understanding of what this data

means.
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Chapter 5

V| from B — 7év

5.1 Introduction

The remarkable success of the B-factories has led to a new era for precision results
in the CKM sector of the standard model. For |V,,|, inclusive and exclusive mea-
surements from semi-leptonic decays should yield a precise value, but must surmount
the now dominant theoretical uncertainties. For inclusive decays, measuring |V, is
more difficult than |V,;| because cuts make observables either sensitive to a structure
function that demands input from radiative decays or require neutrino reconstruc-
tion. The Heavy Flavor Averaging Group (HFAG)’s average from inclusive decays
based on theoretical techniques in Ref. [109] is 103|V,;| = 4.52 & 0.4 [91]. For |V,s|
from B — 7wfv, model-independent form factor information relies on precision lattice
QCD.

Recently, the Fermilab/MILC [127] and HPQCD ([133, 73] groups have presented
unquenched lattice results for B — 7 form factors. Uncertainties in the discretization
restrict the kinematics to pions that are not too energetic E, < 1GeV, for which the
invariant mass of the lepton pair is 15GeV? < ¢ < 26.4GeVZ2. Unfortunately,
since the phase space goes as |p,|®, there are fewer events and more experimental

uncertainty in this region. For B — nt¢5

GL ..
dU/dg* = o 25 [Vl Bl |f+(*)F, (5.1)
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For example, Belle [1] found

3.87 £0.70 £ 0.2213% (FNAL)
10% |Viplg2216 = { (5.2)
4.73 £0.85 £ 0.271378 (HPQCD)

where the errors are statistical, systematic, and theoretical. In quadrature this is an

uncertainty of ~ 25%.

HFAG averages the BaBar, CLEO, and Belle results for the total B — 7¢p branch-
ing ratio finding [95],

Br(B — mfp) = (1.394£0.12) x 107%. (5.3)

This uses isospin to combine the charged and neutral B-decay rates, and expresses
the result as a BP rate. Equation (5.3) would yield |V,s| at the ~ 5% level if the
normalization of the relevant B — 7 form factor were known precisely. So far,
extractions of |V,,| from the total Br rely on QCD sum rules [11] and quark models
for input. For example, HFAG reports results on Br(B — {, p,w}£p) that lead to
central values 103|V,;;| = 3.4 to 4.0 [91]. Due to the uncertainty they do not currently

average over exclusive extractions of V).

In this chapter we present a model-independent exclusive method for determining
the entire B — 7 form factor fi(g?) and thus |V,3]. A total uncertainty 8|V, =~
13% is achieved by combining 1) the unquenched lattice results {133, 127, 73], 2) a
constraint at ¢ = 0 derived from SCET [19] and B — =w data, which determines
|Vap| f+(0), and 3) dispersion relations and analyticity, which allow us to interpolate
over the entire region of ¢?> by bounding the shape of f,(¢q%) between input points.
The SCET constraint induces an additional implicit functional dependence on |V, in
the form factors. Our first analysis uses just the total Br, yielding an analytic formula
for |V,3|- The second includes g-spectra with a x? minimization which allows the
experimental data to constrain the theoretical uncertainty. A different approach for
including the g*-spectra was developed in [81] based on the Lellouch distribution

method [113].

152



5.2 Analyticity Bounds

The QCD matrix element governing semi-leptonic B — 7 decay can be expressed in

terms of form factors as

(n(®)|J*(0)|B(p)) = (p +P')* f+(¢*) + q“f_(qz)

=<p+p’—"’B = ) fo(?) + —B_ o =), (5.4)

where J* is the vector part of the appropriate left-handed weak quark current. The

“kinematic contraint”

f+(0) = £o(0) (5.5)

ensures there is no singularity at ¢ = 0. We briefly review how analyticity constrains
the B — « form factors, fi and fy, referring to [47, 48, 49, 51] for more detail. OQur
notation follows [51], and we set . = (mp & m,)?. Suitable derivatives of a time
ordered product of currents, IT**(¢?) = ¢ [d*z €7 (0|T J#(z)J™(0)|0} can be computed
with an operator product expansion (OPE) in QCD and are related by a dispersion

relation to moments of a positive definite sum over exclusive states
m [T ﬁp.s.] 5(q—ps) (01T | Br) (Br|J#0) + . . (5.6)

Keeping this first term bounds a weighted integral over t, < ¢t < oo of the squared
Bm production form factor. Using analyticity and crossing symmetry this constrains
the shape in ¢t = ¢? of the form factors for B — = in the physical semi-leptonic region
m2 < t < t_. The results are simple to express by writing each of f,(t), fo(t) as a

series

6= 5 (tt)}:ak to) 2(t, %o)", (5.7)

with coefficients a; that parameterize different allowed functional forms. As shown

in Figure 5.2, the variable

ttg) = Vi =t =i =t
’ Vie =T+t =1
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Figure 5-1: Conformal mapping z(¢,%) (Eq. (5.8)) of the cut complex ¢t plane onto the
unit disc |2| < 1. The dotted line is the physical semi-leptonic region m2 < ¢ < t,.
The dashed line is a contour integral around the Bw-pair-production branch cut,
ty <t < oo. The diagrams are not drawn to scale. The form factors are analytic
away from the branch cut, except for a simple pole in f, at the sub-threshold B*
resonance at t, = m%., marked by “®”.

maps the contour around the Br-pair-production branch cut ¢, < ¢ < oo onto the
unit circle |z] = 1 and —oo < t < t; onto z € [—1,1]. % is a free parameter that
can be chosen to attain the tightest possible bounds, and it defines z(to,tp) = 0. We
take to = 0.65¢_ giving —0.34 < z < 0.22 for the B — mfv range. In Eq. (5.7) the
“Blaschke” factor P(t) eliminates sub-threshold poles, such that the product P f¢ is
analytic in the unit disc |z| < 1, justifying the series expansion. Specifically, P(¢) = 1
for fy, while P(t) = z(t;m%.) for f. due to the B* pole. Note that since z(t, o)
maps t > to onto the unit circle, |P(t)| = 1 for ¢ in the pair-production region. So
we are free to insert a factor of P x P in the dispersive integral Eq. (5.6) and derive

constraints on Pf instead of f alone. Finally, the “outer” function is given by

n (ty—t)@tD)/4
#(t,t0) = 1/;}3@7(\/t+—t+\/t+“t0)(:_r—to)17
x(v/Er—t+ /1) (Ve =t -, (5.9)

where n; = 3/2 and for f,: (K = 48m,a = 3,b = 2), while for fo: (K = 167/(t+t_),a =
1,b = 1). Here X(JO) corresponds to the lowest moment of 1I(¢%) computed with

an OPE. At two loops, in terms of the pole mass and condensates, and taking
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= my [82, 113],

© _ 3[1+1.140a,(ms)] M (Gu)  (04G?)

S 32mw2m? m$  12am$’
o _ [1+0.751a,(my)] = m, (au) | (@,G?)
X = 82 * my * 127rm}’ (5.10)

with 77 (Gu) ~ —0.076 GeV*, (@,G?) ~ 0.063GeV:. We use mP*® = 4.88GeV as a
central value. With Eq. (5.7) the dispersive bound gives a constraint on the coeffi-

cients
Q

i<, (5.11)

k=0

for any choice of Q.

Egs. (5.7) and (5.11) give only a weak constraint on the normalization of the form
factor fy. In particular, data favors ap ~ 0.02, so a2 < 1. The main power of
analyticity is that if we fix f4(q?) at n, input points then it constrains the g2 shape
between these points. With @) = 5, the error from the bounds is negligible relative to
other uncertainties, as we will see below. Our analysis is also insensitive to the exact
values of X(JO) or mp. The bounds can be strengthened using heavy quark symmetry
or higher moments of II(g?) [48, 49], but since this uncertainty is very small we do

not use these improvements.

5.3 Input Points

A constraint at ¢ = 0 is useful in pinning down the form factor in the small ¢? region.
Here we implement a constraint at g2 = 0 on |V,,|f(0) that follows from a B — 77
factorization theorem derived with SCET [19]. The result holds in QCD and uses
isospin symmetry and data to eliminate effects due to the relative magnitude and

strong phase of penguin contributions. Manipulating formulas in [19] we can write
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the result in terms of observables

64r Br(B- — 7 w')] 12 (5.12)

Vunl f+(0) =
Vil £+(0) [m%f;‘r’ 8- |Vud|*G%

(01 + Cg)tc - 02 AQCD
x[ T8 1+0(a3(mb), ac )|

where C; = 1.08 and Cy = —0.177 are Wilson coefficients in the electroweak effective
Hamiltonian Eq. (2.15) at u = m, (we drop the tiny Cs4), and £, is a hadronic
parameter whose deviation from 1 measures the size of color suppressed amplitudes.
In terms of the angles 3, of the unitarity triangle and CP-asymmetries Sy+,- and

Cptn— in B— whn,

(5.13)

¢ - R (14 Bt r- c08203 + Sp+r- sin 203)
¢ ¢ 2 sin?y ’

with R, = [Br(B® — 7t~ )7g-]/[2Br(B~ — 7%~ )7po], and By, = (1- C%, _—
S2, )2, Equations (5.12) and (5.13) improve on relations between B — 7w and
B — 7fp derived earlier, such as in Ref. [32], because they do not rely on expanding
in a,(v/mpA) or require the use of QCD sum rules for input parameters to calculate

te.

Equation (5.12) gives our ¢*> = 0 form factor input
F2 = Vil f+(0) = (7.2 £ 1.8) x 1074, (5.14)

This estimate of 25% uncertainty accounts for the 10% experimental uncertainty, and
~ 20% theory uncertainty from perturbative and power corrections. The experimental
uncertainty includes y = 70° £ 15°, which covers the range from global fits and that
preferred by the SCET based B — w7 method from Ref. [25]. As noted in [19],
the dependence of |Vy3|f+(0) on v is mild for larger 7’s. Estimates for perturbative
and power corrections to Eq. (5.12) are each at the ~ 10% level even when “chirally

enhanced” terms are included [32, 20].

Next we consider lattice QCD input points, f*, which are crucial in fixing the
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form factor normalization. Technically, using staggered fermions might add model
dependence from the (det M)'/* trick. We take the remarkable agreement in [74]
as an indication that this model dependence is small. Using the unquenched MILC
configurations, Refs [133, 127, 73] find consistent results with different heavy quark

actions. As our default we use the Fermilab results since they have a point at larger

7"

fi = £+(15.87) = 0.799 % 0.058 % 0.088, (5.15)
2 = f.(18.58) = 1.128 + 0.086 £ 0.124,
3 = £+(24.09) = 3.262 + 0.324 + 0.359.

The first errors in (5.15) are statistical, +o;, and the second are 11% systematic errors,
+yfi, with y = 0.11. For the lattice error matrix, we use E;; = 028;; +y*f f2 | which
takes o; uncorrelated and includes 100% correlation in the systematic error. Of the
eleven reported lattice points we use only three at separated ¢°>. This maximizes
the shape information while minimizing additional correlations that may occur in

neighboring points, for example from the chiral extrapolation.

Chiral perturbation theory (ChPT) gives model independent input for f, (and

fo) when E; ~ m,, namely

f+(¢(En) =3 f,,(Eff:::f—mB) 1+ O(%)}’ (5.16)

where g is the B*Bw coupling and fp the decay constant. Possible pole contributions
from the low lying J™ = 0%, 1% 2% states vanish by parity and angular momentum
conservation. The first corrections scale as E,/A, where A ~ 600MeV is the mass
splitting to the first radially excited 1~ state above the B*. We take g = 0.5. This
is compatible with D* decays using heavy quark symmetry. Updating the ChPT fit
in [134] by including both T'(D*+) and D* Br-ratios, gives gp.«pr =~ 0.51 (at an order

where there are no counterterm operators and no 1/m, corrections absorbed in g).
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For the lattice average Hashimoto [94] gives fg = 189 MeV. Thus,
2 = f+(26.42) = 10.38 + 3.63, (5.17)

where this fairly conservative 35% error is from uncertainty in gfg, and from the

mg/A ~ 23% corrections.

5.4 Determining f,

To determine f.(t) we drop ax»>¢ in Eq. (5.7), and take as — as(1 — 22)~'/2 which
properly bounds the truncation error [50]. The f°~* input points then fix ag_4 as
functions of as. Functions that bound f,(t) are determined from the maximum and

minimum values of a5 satisfying (5.11) with @ = 5. Thus we solve

18.3a+3.96a; +0.857a3+0.185a3+0.0401a4 (5.18)
+0.00887as = f°/|Vi|,

37.8a0+0.960a; +0.0244a,+0.000619a3+1.57 x10°ay
+4.00x1077as = f1, ...,

304.0ao —103.6a; +35.3a; — 12.0a3+4.10a; — 1.49a5 = f*,

a§+af+a§+a§+ai+a§= 1.
In Eq. (5.7) this yields two solutions, F}, with parameters

f+(t) = F:l:(t:{fO/l%bI:flaf27f37f4})- (5-19)

To see how well these solutions bound the form factor we fix |V,5| = 3.6 x 1073,
fi = fi and plot the bounds as the two black solid lines in Fig. 5-2. The curves lie on
top of each other. For comparison we show dashed lines for the bounds on f; and f,
obtained using four lattice points (shown as dots). With these inputs the constraint

f+(0) = fo(0) is less effective than using the SCET point.
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Figure 5-2: Upper and lower bounds on the form factors from dispersion relations,
where ¢ = ¢?/m%. and the (1—4?) factor removes the B* pole. The overlapping solid
black lines are bounds F. derived with the SCET point, 3 lattice points, and the
ChPT point (diamonds with error bars). The dashed lines are the bounds derived
using instead four lattice points (shown by the dots). Input point errors are not
included in these lines, and are analyzed in the text.

5.5 |Vw| from total Br fraction

Equating Eq. (5.3) with the theoretical rate obtained using Egs. (5.19) gives an ana-
lytic equation for |V,,,|. With fi = fi the solution is

V| = (4.13 +0.21 + 0.58) x 1073, (5.20)

The first error is experimental, 5.2%, propagated from Eq.(5.3). The second error,
14%, is from theory and is broken down in Table 5.1. It is dominated by the in-
put points. The bound uncertainty from the choice of solution is < 1% (but would
grow to £12% without the SCET point). The error from m; and the order in the
OPE and are very small because shifts in the normalization through ngr) are compen-
sated by shifts in the a, coefficients, except for the last term a5 which gives a small
contribution. To ensure consistency with the dispersion bounds the input point un-
certainty is calculated using the Lellouch-method of generating random points from
Gaussians [113], giving 103|V,3| = (3.96 £ 0.20 £ 0.56). Our distributions were deter-
mined_ using Eqgs. (5.14,5.15,5.17) and the correlation matrix E;;. Taken individually
the SCET and ChPT points give ~ 5% error, so the lattice uncertainty dominates.
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Type of Error Variation From S|V|B 6 |Vub|"2
Input Points 1-0 correlated errors +14%  £12%

Bounds F, versus F_ +0.6% +0.04%
mp'e 4.88 +0.40 +01% +0.2%
OPE order 2 loop — 1 loop -02% +0.3%

Table 5.1: Summary of theoretical uncertainties on |V,;|. Results are shown for
an analysis from the total branching fraction, §|V,;|®", and from using the dI'/dg?
spectrum, ¢ |V;.,b|‘12. For the input point error we quote the average from Fl.

5.6 |Vu| from ¢* spectra

Results for partial branching fractions, (Br;® + 6Br;), over different bins in ¢? are
also available. Cleo [6] and Belle [1] present results for 3 bins with untagged and
7t semileptonic tags respectively. Babar [75] recently presented total rates from
hadronic & leptonic 7+ and 7° tags as well as 7+ semileptonic tagged data in 3-bins
and untagged data over 5-bins. By fitting to these 17 pieces of data with Minuit we
exploit the g2 shape information. To do this we define

Z [Blgxp Br; (‘/U-ba F:l:)]2 [fm f0]2

(3Br;)? (07 (5.21)

[in_f4]2 S\ e it
+ WJFMZ:l[ o= Pl = FIEy,
and minimize x? as a function of |V, and f°~%. x? contains both experimental
and theoretical errors, with E~! the inverse error matrix. By allowing f~* in Fy
to move away from f2~* the theoretical rate is allowed to adjust itself based on the

experimental ¢ shape.

Minimizing (5.21) gives x2?/(dof) = 1.04 and
[Vio| = (3.54 +0.47) x 1072, (5.22)

Results for f,(q?) and dI'/dg* are shown by the black solid curves in Figs. 5-3 and 5-4.
Eq. (5.22) has a total error of 13%. If we fix f>~* = fo* then the experimental error
is 4.9%, ie. 8|V,3| = £0.17. The remainder, §|V,;3| = £0.44 is from the input points,

160



0.8 (1-§2) ]1 @?) ChPTp:.\

06 Lattice points

[ SCET pt.
04]

02}

——— with SCET point
1 — — — without SCET point
1Y) S TN R P B R PR
0 5 10 15 20 q225

Figure 5-3: Results from the x? fit of |V,;| and f°~* to the ¢? spectra (¢*> = ¢*/m3.).
The two solid lines are obtained using either the F), or F_ solutions from Eq. (5.19).
The two dashed lines repeat this analysis without using the SCET point.
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Figure 5-4: The curves are as in Fig.2, but for the decay rate.

so the ¢? spectra brought this theory error down to 12%. Other uncertainties are
small as shown in Table 5.1. The experimental spectra favor a larger form factor
between the lattice and SCET points. This decreases the value of |V,;| from that in
(5.20). Using Egs. (5.14,5.17) this fit yields

F+(0) =0.227 £0.047, gfs=96+29MeV, (5.23)

consistent with our inputs. This f,(0) has 21% error.

If we entirely remove the SCET point f° from Eq. (5.21) then we obtain a fit that
uses only semileptonic data, shown by the dashed red lines in Figs. 5-3 and 5-4. The
spectrum is now determined less precisely at small ¢, since this data only bounds
the area in the smallest g>-bin. The result is |V,;| = (3.56 + 0.48) x 1073. It has the
same input point error as Eq. (5.22) and a somewhat larger bound error, §|V,,| =
1.8%. Turning the use of Eq.(5.14) around, we can combine it with f,(0) to get an
independent method of fixing |V,| from the nonleptonic data. The semileptonic fit

gives f,(0) = 0.25 £ 0.06, so Eq. (5.14) yields |Vjs|"™e? = (2.9 + 1.0) x 10~3.
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Our final result for |V,| is given in (5.22). The final theory error is dominated by
the lattice points, and is very close to their error. It will decrease with this error in

the future.

5.7 Improving the determination

We are presently in the preliminary stages of an exhaustive analysis of all sources of
error and the influence of the fit specifics on the determination of |Vy;|- To this end,
we have written a more sophisticated FORTRAN code, still making use of the CERN
program libraries routine MINUIT for minimization. The code fits directly for |V,,|
and the form factor series coefficients ax in Eq. (5.7) instead of first solving for the ax’s
in terms of the form factor inputs as above. The code is menu-driven and includes
options for toggling: experimental data on the B — ¢y branching fractions; form
factor inputs from Fermilab/MILC [127], HPQCD [133, 73], and the SCET and ChPT
points described above. The menu also includes options for changing the number of
terms (@ + 1 in Eq. (5.11)) in the truncated series expansions. We find a mild
sensitivity (~ 10%) to variations in this choice. We can also vary assumptions about
the behavior of the systematic errors, both theoretical and experimental. We change
the correlation of the errors as well as the “slope” (i.e. whether an 11% systematic
error should be interpreted as 11% of the input value or 11% of the fit value). We find
that the fit value of |V,,| is insensitive (<1%) to these variations, provided just a few
widely-spaced lattice points are included in the fit, as above. We find that the fit value
of |Vis| is again insensitive to whether we enforce the “kinematic condition” Eq. (5.5)
at ¢> = 0 and use lattice data on both f, and fy or use the SCET point as above.
Our default fit uses Br data from: Belle in 3 bins [98], BaBar charge-averaged partial
rates in 3 bins for each semi-leptonic and hadronic tagging methods [7], CLEO partial
rates in 3 bins [6], BaBar data in 12 bins using untagged loose vs (8], and preliminary
data on the total branching fraction from Belle using hadronic tagging presented at
ICHEPO06 [95]). The fit has three paramters in the truncated f, series and two in the

truncated f, series. As above, we assume 100% correlation of the lattice systematic
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errors. With the three widely-spaced Fermilab points in Eq. (5.15), we find
10%|VENAL| = 3.83 +0.44 (5.24)
while using the three widely-spaced lattice points from HPQCD [73]
103|VEF9P| = 4.24 4 0.45. (5.25)

From this we see that the choice of which lattice group we use for the form factor
normalization changes the determination of |V,;| at the 10% level. As mentioned, this

is work in progress, and these results, preliminary.
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Chapter 6

Conclusions

This thesis described original contributions of the author and his collaborators to
the field of particle physics, in particular, theoretical aspects of B-meson decays in
the Standard Model. Strong-interaction effects described by QCD pose the most
significant challenge in this undertaking. Effective field theories help simplify and
clarify the calculation of these QCD effects. The EFTs used in this thesis were
introduced in Chapter 2. In that chapter, we also investigated the completeness of
reparametrization-invariance (RPI) constraints derived on a projected surface and
the path dependence of ultrasoft Wilson lines in the soft-collinear effective theory
(SCET).

In Chapter 3, we constructed a complete basis for heavy-to-light currents to second
order in the SCET power counting. These operators enter many SCET calculations,
including B — X,v and B — X, ¢ in the endpoint region of large energy but mod-
erate invariant mass. We derived relations between the currents’ Wilson coefficients
by enforcing RPI. These relations determine subleading Wilson coefficients in terms
of the leading ones to all orders in a; without the need for additional matching cal-
culations.

In Chapter 4, we classified, according to their perturbative order and strong
phases, all the Aqcp/mi—suppressed decay amplitudes for B decays to two light
mesons. We calculated, by explicit tree-level matching, the leading “annihilation”

contributions, where the spectator quark is Wick-contracted with a field in the weak
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effective Hamiltonian. We showed, using recent results on mode factorization in
quantum field theory [124], that the leading annihilation amplitude is real with a
magnitude of ~ 15% of the observed “penguin” amplitude. The origin of the large
relative phase between the penguin and tree amplitudes has yet to be determined,
but our results eliminate one of the suggested SM explanations.

In Chapter 5, we presented a model-independent method for determining the CKM
matrix element |V,;| based on the exclusive mode B — 7w and QCD dispersion-
relation based parametrization of the B — 7 hadronic form factors. Our final result
is given in (5.22). The final theory error is dominated by the lattice inputs, and is
very close to their error. It will decrease with this error in the future, and provides a
competitive and complementary determination for the current best direct estimates

based on inclusive B — X, {v.
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Appendix A

Zero-bin subtractions for a 2D

distribution

In this appendix we derive a result for the action of the zero-bin subtractions on the
integrand obtained from the chirally enhanced annihilation computation, shown in
Eq. (4.64). Since the result involves a correlation in the z and y integrals it cannot
be read off from the results in Ref. [124]. It is convenient to write the momentum
fraction factor coming from the offshell b-quark propagator as (1—z3) = (Z+y— Zy).

Including the rapidity convergence factors [124], the integral we need is

Op (4)9™2 () G \%
I = /dmrdr_m’ - @z@ z(1 = 2)|¢ 1— € i L el ’
g’;ﬂ b ey — 2 OO B - b -l (5)

(A.1)
where O, = 6(z)0(1 — z). To determine the subtraction terms we must look at the
singular behavior as we scale towards the £ = 1 and y = 0 bins, which we do by
taking Z ~ n and y ~ 7. In this limit the gluon and b-quark in Fig. 4-2 become
soft, and this region would be double counted without the zero-bin conditions. First

consider the denominator,

1 1 zy

il e Al e R (A2)
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In the first term the x and y dependence does not decouple, so we must consider
them simultaneously. All terms beyond the first one produce finite integrals and are
dropped in the minimal subtraction scheme. For the numerator in Eq. (A.1) we use

¢301(0) = ¢M2(1) = 0 and expand

i,Z

Gun(y) B(z) =~y (0) T¢'(1) — & ¢ 5(0)2¢/(1) +y},(0) 5 ¢"(1) + ..
= Y@, (0 Z )" ¢(") v = (0T (1) + ... (A.3)

2

In the first term on the last line we have identified all terms which remain singular
when multiplied by 1/[Zy*(Z+y)]. This term is equal to y¢/,(0)¢(x). Taken together
with the expansion of ©,0, we therefore find that the required minimal subtraction

1S
yopr'(0)p™2 ()
(Z + y)zy?

0. 0(y) . (A.4)

Following Ref. [124] we use this to convert Eq. (A.1) into an integral that includes
the x = 1 and y = 0 regions,

1= e [l S

/ / Yoy (009 )xf(l—x)fyf(y— 1)° (_—”ilf—;)2 (A.5)

(Z + y)zy? n-pin-pz

- /odm % /o W [(ﬂ‘c +¢§p—( r?)y)y2 - rcM:y)y] / / L </5M(1;(3 jhjc:: 2ty
1 " (x ' b o (0 ' M2 n2—zx
- [as S [t ] o o) [[ar EEZ2),

Here in simplifying the term carrying the y — oo limit, we noted that the integral

is finite, and so it does not induce p+ dependence in our subtraction scheme. This
result for I was used in Eq. (4.64). For the asymptotic pion wave functions, ¢™(z) =
6z(1 — z) and ¢7,(y) = 6y(1l —y), we obtain [ = 6+ n* —24In2 = —0.766. [ =
36 + 672 — 1441n2 = —4.60. Note that the steps used here to derive the subtraction

also give the correct result for cases where the z and y integrals factorize, such as an

integrand ¢(z)¢(y)/(2*y?).
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