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Abstract

This thesis gives several applications of effective field theory to processes involving heavy
particles. The first is a standard application of heavy quark effective theory to exclusive
B decays. It involves two new sum rules discovered by Le Yaouanc et al. by applying the
operator product expansion to the nonforward matrix element of a time-ordered product
of b — ¢ currents. They lead to the constraints o2 > 5p%/4 and o2 > 3(p?)%/5 + 4p%/5
on the curvature of the B — D™ Isgur-Wise function, both of which imply the absolute
lower bound ¢? > 15/16 when combined with the Uraltsev bound p? > 3/4 on the slope.
This thesis calculates order ag corrections to these bounds, increasing the accuracy of the
resultant constraints on the physical form factors.

The second application involves matching SCET; onto SCETy; at one loop. Keeping the
external fermions off their mass shell does not regulate all IR divergences in both theories.
The work described here gives a new prescription to regulate infrared divergences in SCET.
Using this regulator, we show that soft and collinear modes in SCETyy are sufficient to
reproduce all the infrared divergences of SCET; . We explain the relationship between IR
regulators and an additional mode proposed for SCETys .

Next we consider tt production at large energies. The production process is characterized
by three disparate energy scales: the center-of-mass energy, \/s; the mass, m; and the
decay width, I'; with /s > m > I'. At the scale /s we match onto massive soft-collinear
effective theory (SCET). The SCET current is run from /s to m, thereby summing Sudakov
logarithms of the form log™(m/+/s), where n = 2,1. At the scale m, the top quark mass
is integrated out by matching SCET jet functions onto a boosted version of heavy quark
effective theory (bHQET). The jet functions in bHQET are then run from m to I', summing
powers of single logarithms of the ratio m/T".

Under certain assumptions factorization formulas can be derived for differential distri-

butions in processes involving highly energetic jets, such as jet energy distributions. As a
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final topic, we show how to test these assumptions using semileptonic or radiative decays
of heavy mesons, by relating the jet Pt distribution derived under these assumptions to

other differential distributions in these decays, which are better understood.
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Chapter 1

Introduction

The main theme of this thesis is QCD. This is a theory we know a lot about indirectly.
It is difficult to calculate things in hadronic physics, however. This is because of the
theory’s nonperturbative nature. Effective field theory is a useful way of making do with
this situation. It is often used to parametrize unknown parameters and relate them to other
unknown parameters through general symmetry arguments. This is a surprisingly powerful
concept. It is often possible to eliminate some physics we do not understand by taking its

effects from somewhere else. In this way we get around our lack of understanding.

1.1 Constraining exclusive B decay measurements

This thesis gives several applications of the ideas of effective field theory to processes in-
volving heavy particles, that is, heavy relative to the other energy scales involved. The first
is a standard application of heavy quark effective theory (HQET) to exclusive B decays.
In this case, the bottom quark mass is heavy relative to the other scale in the problem,
Aqcp. This is a very successful theory and will be discussed more fully in the next chapter.
For now, suffice it to say that it is a self-contained theory just like any other and that sum
rules can be derived by relating exclusive matrix elements with the inclusive result of the
optical theorem. The third chapter of this thesis discusses two new sum rules that were
discovered in this way by applying the operator product expansion to the nonforward ma-
trix element of a time-ordered product of b — ¢ currents in the heavy quark limit of QCD.
They lead to the constraints o2 > 5p?/4 and o2 > 3(p*)?/5 + 4p?/5 on the curvature of
the B — D™ Isgur-Wise function, which is basically just a parametrized matrix element.

These constraints imply the absolute lower bound ¢? > 15/16 when combined with the
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Uraltsev bound p? > 3/4 on the slope of the form factor. That chapter calculates order
a corrections to these bounds, increasing the accuracy of the resultant constraints on the
physical form factors. The latter may have implications for the determination of |V| from

exclusive semileptonic B meson decays.

1.2 Regulating SCET in the infrared

Soft-collinear effective theory (SCET) is another effective theory. It has many similarities
with HQET. It is actually more a theory of light particles than of heavy ones. It describes
the interactions of light but energetic particles. The fifth chapter of this thesis discusses
a subtlety of this theory. There have been claims that its basic formulation is incomplete
because it appears not to reproduce the low-energy sector of QCD, which an effective
theory of QCD must do. In this chapter, we consider matching from SCET7, which includes
ultrasoft and collinear particles, onto SCETy; with soft and collinear particles at one loop.
The definitions of these different subtheories is unimportant for now. The point is that
keeping the external particles off their mass shell in the matching does not regulate all
infrared (IR) divergences in both theories. Usually this is sufficient to regulate any IR
divergences, and it is the standard way of doing so. However, here it is not enough. We
give a new prescription to regulate infrared divergences in SCET. Using this regulator, we
show that soft and collinear modes in SCET}; are sufficient to reproduce all the infrared
divergences of SCET[. We explain the relationship between IR regulators and an additional
mode proposed for SCET. This is a step toward resolving an apparent paradox that has

plagued the field for some time.

1.3 Precision top quark physics

In this thesis we also consider an application of effective field theories to a perturbative
process: tt production at large energies. Although the most common use for effective field
theories is for parametrizing unknown aspects of nonperturbative physics, they also can be
very useful in entirely perturbative processes. The reason is that the separation of scales
achieved by the judicious use of effective field theories allows one to sum logarithms of the

different scales that appear in a perturbative calculation. For instance, when one calculates



3

in a certain limit the differential cross section for top-antitop production in electron-positron
scattering, three different and widely separated scales are involved. The production process
is characterized by these energy scales: the center-of-mass energy, +/s; the mass, m; and
the decay width, I'; with /s > m > T'. Since these scales are so different, any logs of
them appearing in a perturbative calculation will be quite large. This can severely diminish
the accuracy of a calculation since these logs effectively increase the coupling constant. To
sum them, we match at the scale /s onto massive soft-collinear effective theory (SCET).
The SCET current is run from /s to m, thereby summing Sudakov logarithms of the
form log"(m/+/s), where n = 2,1. At the scale m the top quark mass is integrated out
by matching SCET jet functions onto a boosted version of heavy quark effective theory
(bHQET). The jet functions in bHQET are then run from m to I', summing powers of

single logarithms of the ratio m/T.

1.4 Jet definitions in SCET

The final project discussed in this thesis concerns the application of SCET to jet physics.
This application typically involves some assumptions about the final state of the process.
At leading order, it is easy to think of a two-jet final state as just two quarks traveling in
different directions. Of course, each jet must really be a color-singlet when it is observed.
Individual quarks do not fit the bill. Under certain assumptions factorization formulas
can be derived for differential distributions in processes involving highly energetic jets,
such as jet energy distributions. In this thesis we show how to test these assumptions using
semileptonic or radiative decays of heavy mesons, by relating the jet P™ distribution derived
under these assumptions to other differential distributions in these decays, which are better

understood.

1.5 Plan of the thesis

The second chapter gives a short introduction to heavy quark effective theory. This prepares
the way for the third chapter, which is an application of this effective theory to the extraction
of |V| from exclusive semileptonic B decays. The fourth chapter introduces soft-collinear

effective theory, the subject of the remaining chapters. The fifth chapter uses this theory
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(as well as parts of heavy quark effective theory) to sum logs that arise in perturbative
calculations of top-antitop production. The sixth chapter discusses the definition of hadronic

jets in soft-collinear effective theory. It explores a way to test the validity of these definitions.



Chapter 2

Heavy quark effective theory

This chapter is a brief review of some of the aspects of heavy quark effective theory (HQET).
It follows the book by Manohar and Wise [1]. This review will be useful for introducing the
next chapter as well as for the later chapters involving soft-collinear effective theory. HQET
describes the interactions of heavy quarks (usually the bottom or charm quarks) with the
soft degrees of freedom they hadronize with. For instance, a B meson has for valence quarks
a b quark and a light quark. There are also lots of sea quarks and gluons that serve to keep
the meson bound together. These soft degrees of freedom typically have momenta on the
order of Aqcp, the scale of nonperturbative strong dynamics. This scale is dynamically
generated by QCD, and its inverse gives the typical size of a hadron containing no more

than one heavy quark.

2.1 Basics

Consider the B meson system: a heavy bottom quark with mass m; and a light quark with
mass m ~ Aqcp. The momentum exchanged between the heavy quark and the light degrees
of freedom is of order Aqcp. This momentum exchange can only change the velocity of the

heavy quark by an amount of order
Av = Ap/my ~ Aqep/my, - (2.1)

In the heavy-quark limit, mg — oo, the velocity change goes to zero. One can say that
the velocity of a heavy quark in this situation is a good quantum number. As a result, in

HQET the velocity of a heavy quark labels its field, as we will see below.
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The QCD Lagrangian for a quark field ¢(z) with mass mg is
£ = Q@)D —mo)Q). (2:2)
Here D, is the covariant derivative, which we define as
D, =0, —1igT"Aj,. (2.3)

This Lagrangian determines the standard quark propagator:

i+ mq)

—_—. 24
p? —m + ie (2.4)

HQET describes nearly on-shell heavy quarks since their interactions with the light degrees
of freedom do not change the velocity, as described above. We can see this by parametrizing
the heavy quark momentum as

p = meou + kM, (2.5)

where the so-called residual momentum k is small relative to the heavy quark mass: k* ~

2

Aqcp. We choose the velocity such that it squares to unity: v = 1. In particular, this

parametrization of the momentum shows that
I mé =2mqu-k +k* < m% , (2.6)

which confirms the statement above. Because the residual momentum is small relative to
the heavy quark mass, the heavy quark remains nearly on-shell despite its interactions with

the other stuff inside the hadron.

We can substitute this momentum parametrization into the quark propagator above to

get its simplification in the heavy-quark limit:

i(1+9)
20kt 27

where the k? term in the denominator has been dropped as higher order. This is the
propagator appropriate in the heavy-quark limit to describe small fluctuations of the heavy

quark around its on-shell limit. Note that the propagator is proportional to the projection
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This leads to an important property of HQET to be discussed below.

2.2 Leading-order in the heavy quark expansion

Now let us construct the HQET Lagrangian. This is useful for understanding the implica-
tions of HQET, as well as for understanding soft-collinear effective theory, which is discussed

below. We start by writing the QCD quark field Q(z) as
Q(z) = M [Qy(x) + Qu(x)] (2.9)

where the projected fields are defined as

Qu(z) = eim@v-r#cg(m), (2.10)
Q(z) = eim@”'“"/’%@(w). (2.11)

The exponential in front of Q(z) has the effect of subtracting the large part of the heavy
quark’s momentum, so that the remaining piece, @), just describes fluctuations around the
on-shell limit. The next section will show that Q, is suppressed by Aqcp/mg relative to
the @, field. Assuming this for now and dropping the Q, field, substituting Eq. (2.9) into

the QCD Lagrangian gives the leading-order HQET Lagrangian:

L= Qy(x)(iv- D)Qy(x). (2.12)

It is easy to see that the heavy quark propagator obtained from this Lagrangian matches
what we wrote down before in Eq. (2.7) by taking the large m¢ limit of the standard QCD
propagator.

Note the effect of the projector in the field definitions:

0w = Q). (213)
Y o) = 0. (2.14)

2
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This is a result of the fact that v?> = 1. The presence of this projector in the heavy quark
propagator results in a modification of the interaction between heavy quarks and gluons.
In QCD the vertex is igT'*y*. Since this vertex is always sandwiched between two heavy

quark propagators, the effective vertex is just v#. This can be seen as follows:

0% = o . (2.15)

This fact alones produces a major simplication in the interactions of heavy quarks with
gluons. Since the vertices of heavy quark effective theory have no Dirac matrices, the

interactions leave heavy quark spin unchanged!

2.3 Lagrangian beyond leading order in 1/mg

The HQET Lagrangian beyond leading order in Aqcp/mg can be derived in the same way
as the leading-order Lagrangian above. Simply inserting the identity in Eq. (2.9) into the
standard QCD Lagrangian gives

L= Qv(iv : D)QU - Qv(iv -D+ QmQ)QU + Qvipgv + QUZDQU 5 (216)

where we have used the identities ¥Q, = @, and ¥Q, = —Q,. The appearance of the term
2my in the kinetic term for the Q,, field confirms the claim above. This field produces higher-
energy excitations than the @, field and can be integrated out. Varying the Lagrangian

with respect to Q,(z) gives the equation that allows us to do this at tree level:
o Qu(2). (2.17)

We can substitute this formula into the Lagrangian above to integrate out the Q,, field. The

result is

£= Qua)liv- DIQ) + QoD (=g )P (218)
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Since derivatives acting on the @, field scale like Aqcp the last term can be further expanded

to yield

(iP)?

L = Qux)(iv-D)Qy(z) + Qulx) 5 Qo (1) (2.19)
Q
- 2 v
= Qu(2)(iv - D)Qy(x) + Qu(x) [(ZD) 2:10“”(;” }Qv(az), (2.20)
Q
where we have used the fact that
1 1 .
" =50 50T =g e (2:21)

Higher-order terms can be calculated by expanding Eq. (2.17) in the Lagrangian and keeping
higher-order terms. Here we only kept the first term in the expansion.

The expression for the subleading-order HQET Lagrangian shows several things. The
first is simply that the heavy quark spin symmetry is broken by these higher-order terms.
The term involving o, contains Dirac matrices and therefore no longer preserves the heavy
quark spin. A second point to notice from the subleading Lagrangian is an understanding
of the origin of corrections to heavy quark symmetry. The leading-order HQET Lagrangian
gives a heavy quark propagating freely without interactions. The first correction term (the
one with D?) looks just like a kinetic energy term, and the second correction term (the
one with 0,,) is a magnetic moment interaction term. These terms support the intuitive

picture of heavy quark symmetry that we have been discussing.
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Chapter 3

Perturbative corrections to sum
rules

In this chapter we discuss heavy quark effective theory sum rules and the perturbative
improvement. It is shown how these sum rules can be useful in the extraction of |V from

B meson decays. Much of this chapter appeared in Ref. [2].

3.1 Sum rules and |V

Heavy quark effective theory (HQET) [3] provides a model-independent method of ex-
tracting the CKM matrix element |V,;| from exclusive semileptonic B meson decays. The

B — D™y differential decay rates are given by

2 2,5
2—5(3 . Dlp) = % r3(1— )2V w? — 1 (w + 1)2
4w 1-—2wr, + rf 9
1 *
% +w+1 (1—ry)? Fp-(w)”,
dr - GZ Vc 2,,5
S pip) = G o 1R (3.1)

where 7, = mpe/mp and w = v - v' is the product of the B and D® four-velocities.
Heavy quark symmetry [4] relates B — D™ form factors to the corresponding Isgur-Wise
function, with the result Fp«(w) = Fp(w) = £(w) in the heavy-quark limit of QCD. Since
&(w) is absolutely normalized to unity at zero recoil (i.e., w = 1) [4, 5, 6, 7], experimental
data determine |V| without recourse to model-specific assumptions.

This procedure has several sources of uncertainty. First, the identity Fpu)(1) = 1

receives both perturbative corrections and corrections suppressed by the heavy b and c
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quark masses. The former are known to order o [8], with unknown higher-order corrections
likely less than 1%, but the latter depend on four subleading Isgur-Wise functions and have

been estimated only with phenomenological models and quenched lattice QCD.

Another source of error is the extrapolation of measured form factors to zero recoil,
where the rates vanish. Linear fits of Fy(.)(w) underestimate the zero-recoil value by about
3%, an effect mostly due to the curvature [9]. Using nonlinear shapes for ) (w) reduces
this error, and therefore constraints on second and higher derivatives at zero-recoil are
welcome. Dispersive constraints [10, 11] relate second and sometimes higher derivatives to

the first and are commonly used.

HQET sum rules provide a complementary way of constraining the F.)(w) shapes.
New sum rules for the curvature and higher derivatives of the Isgur-Wise function were
derived in Refs. [12, 13, 14]. Equating the result of inserting a complete set of intermediate
states in the nonforward matrix element of a time-ordered product of HQET currents with
the operator product expansion (OPE) gives a generic sum rule depending on the products
of the velocities of the initial, final, and intermediate states. These are denoted respectively
by v;, vy, and v’ (the intermediate states all have the same velocity ¢ in the infinite-mass

limit), and the products are denoted by

wip =vi-vp , wp=wv;-v , wp=uvp-v, (3.2)

or generically w,. These parameters are constrained to lie within the range [12]

wi, we,wip > 1, wiwp — \/(wl2 — 1)(w?c —1) <wyy <wjwy + \/(w? — 1)(w?c —-1), (3.3)

and differentiating the generic sum rule with respect to them at w, = 1 (read: w; = wy =
w;if = 1) produces a class of sum rules for derivatives of the Isgur-Wise function at zero
recoil. The sum rules of Refs. [12, 13, 14] were derived at tree level in the heavy-quark limit.
The present chapter includes the order ay corrections to the new sum rules and uses them
to derive bounds on the curvatures of F . (w) including oy and Aqep/me, corrections.
Including these corrections to the heavy-quark limit is important for meaningful comparison

with data and dispersive constraints.
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3.2 Derivation of the generic sum rule

The derivation of the generic sum rule follows a well-known formalism [15, 16, 17, 18]. It
begins with the consideration of the time-ordered product of two arbitrary heavy-heavy

currents

7

Tyile) / d'z = (By(ps)| T{Jp(0), Ji(2)} |Bi (p:)) (3.4)

2mp

as a complex function of ¢ = Ey; — E; — ¢° at fixed ¢, where Ej; = \/m?\/[ + |pi + ¢|? is the
minimum possible energy of the charmed hadronic state that J; can create at fixed ¢. The

currents have the form

Jy(x) = b(@)Tye(@) , Ji(y) = c(y)Tib(y) (3.5)

for any Dirac matrices I ;. Only the choices I}y = 3/52 7 and I3y = 3/52 75 are explored
here, but in principle others lead to different sum rules. The B states are ground state
B or B* mesons and have the standard relativistic normalization. As in the derivation of
the Uraltsev sum rule [19], the initial and final states do not necessarily have the same
velocity. Considering the nonforward matrix element of the time-ordered product is a

crucial generalization in deriving the new sum rules [12].

From Eq. (3.4) one proceeds by splitting up the two time-orderings and inserting com-

plete sets of intermediate charm states. The result is

1 3370, = = (Bl (0)| Xe)(Xe| Ji(0)[ By)
Tyi(e) = ST (2m)°6° (7 + pi — Px.) =+ Ex. — En — i0%
1 33/ o~ o (By|J:(0)| Xepp) ( Xew| 5 (0)| Bi)
= Smg 2270 (q_pf+an’b)E+E,~+Ef—EM—EXEbb+z’0+ , (36)

Xzbb

where the sums include phase space factors such as d®p/(2m)32Ex. Again, T; has been
written as above to call attention to the full generality possible for deriving sum rules by this
method, but here both B; and B will be taken to be B mesons to avoid the considerable
complication of the B* polarization. In addition, HQET states and currents will be used
henceforth since the goal is sum rules for the derivatives of the Isgur-Wise function. Deriving

the bounds in the effective theory also makes the calculation of perturbative corrections
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much easier.

The function 7'f;(¢) has two cuts along the real axis, as shown in Fig. 3.1. The important
one here, running from —oo to the origin, comes from the first time-ordering and corresponds
to intermediate states with a ¢ quark or a ¢ quark, a b quark, and a b quark. The cut
associated with the other time-ordering begins near 2m, and corresponds to states with two
b quarks and a ¢ quark. Since T';(¢) is perturbatively calculable only when smeared over a
large enough range of € [20], it is multiplied by a weight function W and integrated around
the contour shown in the figure. The scale A gives the extent of the smearing and therefore
should be well above Aqgcp. The contour chosen eliminates all but the intermediate states
with heavy quark content ¢ by avoiding the second cut and pinching the first at e = —2my,.
Crossing the contour assumes local duality at the scale my, but if A < my the weight
function will be quite small here. This will be clear with the specific weight function used

below. Assuming it is analytic in the shaded region of Fig. 3.1, the result is

Figure 3.1: The cuts of T, in the complex ¢ plane. The depicted contour picks up only contributions
from the left-hand cut, which corresponds to physical states with a charm quark. The states given
by the right-hand cut do not contribute here.

(B(vp)[J | Xe (') (Xe ()| ] B (i)
4070

1 CdgwA(g)Tﬁ(g) = ZWA(EM_EXC)

: L (3.7)
27 X

where the delta function has been used to perform the phase-space integral and the HQET

state normalization convention has been used to eliminate mass factors in the denominator.
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The intermediate X, states carry four-momentum px, = myx,v' = p; +q.
Choice of the weight function is governed by well-known concerns [18, 16]. In practice
one uses Wa(e) = 0(A + ¢), which is the n — oo limit of the set of functions

(n) A2n

= 6271 + A2n (38)

for € < 0. But since the weight function must be analytic within the contour, the use of
these is strictly correct only for small n > 1. In this case the poles at ¢ = X/—1A are
a distance of order A away from the cut, and the contour can be deformed away without
getting too close to the cut and relying on local duality at a scale below my;. This is not
true of the n — oo limit, in which the poles approach the cut and the contour must pinch
the cut at the scale A instead of my. This is a problem because the contribution at A
is weighted much more heavily than that at my, and thus the results will depend more
strongly on the assumption of local duality. However, an explicit calculation shows that the
results here do not depend on n, just as the authors of Ref. [18] found in their derivation of
corrections to the Bjorken sum rule. This is not true in other cases, such as the Voloshin
sum rule [18]. The weight function in what follows can therefore be considered a simple
step function excluding states with excitation energies greater than A. Although increasing
A includes more states and weakens the bounds, the cutoff energy must be chosen large
enough to make perturbative QCD appropriate. Choosing A 2 2 GeV should therefore be
sufficient.

The sum rule is derived by performing an operator product expansion on the time-
ordered product of currents on the left-hand side of Eq. (3.7) while writing out the right-hand
side explicitly in terms of excited-state Isgur-Wise functions. The leading-order OPE rele-
vant for B matrix elements consists of a single dimension-three operator, b, Ar(1 +9\Liby,.
Higher-dimension operators will be neglected here, as they give corrections suppressed by
powers of Aqcp/A or Aqep/Mep. The order o corrections to the Wilson coefficient of the
leading operator are given by a matching calculation involving the diagrams in Figs. 3.2

and 3.3. The generic sum rule resulting from this is

LECu)L+ 0 F (i, wg, wig)) Tr [(LH ) T+ ) Ti(1 44,

4
=D Wa(Ba—Ex,)(B(vp)|Jy| Xe(w)(Xe(0)| i B(wi)) | (3.9)
X
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Figure 3.2: Diagrams contributing to the order ay corrections to the sum rules. The squares
indicate insertions of the currents J; and Jy, respectively. The current J; inserts momentum g, while
the current J; carries away momentum ¢’ sufficient to leave the final b-quark with velocity vy. The
velocity-labeled quark fields are those of the heavy quark effective theory.

where the function F' contains the one-loop corrections. In principle, F' could be defined
to include perturbative corrections of all orders. The form of the corrected sum rule would
be the same since HQET vertices are spin-independent. The right-hand side is written out

explicitly in the next section.

Working in the rest frame of the intermediate hadrons (i.e., v = 1) and using the MS
scheme with dimensional regularization and a finite gluon mass m, the contributions to azF

of the graphs in Figs. 3.2(a)-3.2(d) are, respectively,

2
2as <2 —ln£> , (3.10)

. (3.11)

20 (wl V w} - 1) 1 d 2Inz — In[1 + 2z(1 — z)(w; — 1)]
\/7 ,u2 /0 * 14+22(1 —x)(w; — 1)

Qs (wf T w} ) L 2Inz — In[l + 22(1 — ) (ws — 1)]
237T w; \/7_1 In2 u2 /0 dx - %zrl s Y 1f; . (3.12)

dog 1
——wif/ dedydzdé(zx+y+2z—1)
3T 0

0(z — /am/A)

Y
a\/z? —am? /A2

(3.13)

where a = 14 2zy(w;f — 1) + 2z2(w; — 1) + 2yz(wy — 1), and a, is evaluated at subtraction
point u. The contribution of Fig. 3.2(d) cannot easily be simplified further, but this is no
limitation since the sum rules require only the first few terms of F' in an expansion about
w,; = 1. The graph in Fig. 3.3 contributes with a minus sign to the matching calculation

for the Wilson coefficient, since it gives the renormalization of the leading operator in the
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by by

i

f

Figure 3.3: One-loop renormalization of the leading operator in the operator product expansion

of Tt;. The blob indicates an insertion of this operator, b, I} (1 4+ ¢')[}b,,. The external lines are
bottom quarks in the heavy quark effective theory.

OPE, and so its contribution to agF' is

20 Wi [ 9 I

wi —

This infrared divergence cancels that of the graph in Fig. 3.2(d), leaving asF' independent

of the regulating gluon mass.

From the results above, it is not hard to show that F(1,w,w) = F(w,1,w) = 0. This
important characteristic of the perturbative corrections is true to all orders in o, as can
easily be seen. In the limits v; = v/ and vy = v/, one of the currents in the time-ordered
product is a conserved current associated with heavy quark flavor symmetry and its matrix
elements receive no perturbative corrections. Because HQET loop graphs do not change
the matrix structures of inserted operators, perturbative corrections to matrix elements of
the other current cancel those of the leading operator in the OPE. Therefore, the function
analogous to F' including perturbative corrections of all orders will still vanish in these

limits.

The sum rules derived here are primarily of interest near zero recoil, making it convenient

to expand F' about w, = 1 with the definitions

1
sk (wi,wp,wip) = bip1(wip = 1)+ bin(wi = 1) + bpr (wy — 1) + Sbiga(wig — 1)?
1 1
+ §bi2(w,- — 1)2 + §bf2(wf — 1)2 + bigf(wi — 1)(wf -1)

+ bigif(wi — 1)(wif - 1) + bfgif(’wf - 1)(wif — 1) + e (315)

There is no zeroth-order term since F'(1,1,1) = 0. This follows from the identities F'(1, w, w) =
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F(w,1,w) = 0, which also imply

bri +bip1 = by +bip1 =0, (3.16)

bpa 4 2bpoir 4 bifa = bio + 2bioip + bipa =0 . (3.17)

These relations between derivatives of the perturbative corrections can be checked at order

as with the explicit values

4og (5 4A?

bipt = —bp1r = —bin = (— - 111—2) ;
dag (2 4N?

bip=bpy = — <— —ln—> ,

davg 12 4A?
bifg = —— + 1117 s

bigif = braif = ;

bios (3.18)

457

The derivatives above are all specific to the rest frame of intermediate hadrons. This is
the frame used henceforth. In other frames (e.g., U? = 1) the weight function depends on

the w, parameters, and the sum rules are more complicated but not qualitatively different.

3.3 Vector and axial vector sum rules

When specific matrices I ¢ are chosen, the generic sum rule in Eq. (3.9) can be written out
explicitly in terms of excited-state Isgur-Wise functions using Falk’s description of HQET
states of arbitrary spin [21]. The choice I} y = ¢, , yields [13]

§(w2-f) [1 + aSF(wi,wf,wif)] (1 + w; + wf + wif)

E YA n
= (w; +1)(wy + 1)2 TR 1Sg(wl,wf,wzf ZTZ+1/2 wZ)Té(Jr)l(/;(wf)WA(mM mélg/)z)

n l
—i—ZSg (wi, wy, wif) ZTZ 1/2 ) f/;(wf)WA(mM mé)g/)z), (3.19)

where the weight function now bounds excitation mass because v° = 1. The functions

Té(i)l(% (w) are B — Dgﬁgr;; Isgur-Wise functions, where /+1/2 is the spin of the light degrees
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of freedom, (—1)**! is the parity of the state, and the label n counts “radial excitations.”
This name is inspired by the nonrelativistic constituent quark model, but these states
can be anything carrying the other quantum numbers, including continuum contributions,
for which n would be a continuous parameter and the sums integrals. In that case, the

functions T(Z) (n)

s11/2(w) would not be Isgur-Wise functions but other B decay form factors.

This possibility will be downplayed here, with the assumption that such contributions are
small in the bounds derived here. Experimental input on B — Dwlv, for example, is needed

to evaluate this assumption.

The quark model also offers an interpretation of ¢ as the orbital angular momentum
between the light antiquark and the heavy quark. The relation of this notation to that of
Isgur and Wise [22] for the lower values of ¢ is given by

n(?i(n)(w):g(n)(w) : Tf};w)(w):zﬁ(yg(w) : Té}gn)(w):\/géy;(w), (3.20)

The function Sy takes into account the polarization of an intermediate state with integral

spin £ and is defined as

S[ = ,Uilll' .o ,Uil/evf/lzl' .. Ufﬂ/l Z 6’{;)11/[6!(31)”[ s (321)
A

where 1" "#¢ ig the polarization tensor of the intermediate state. The sum runs over the

20 + 1 polarizations. This quantity was reduced in Ref. [12] to the relatively simple form

/2
Se(wi, wy, wip) = Z Oy r(w? — 1)k(w]2c — D (wwy —wip) (3.22)
k=0
with the coefficient
)2 (20 — 2k)!
— (ot : 2
Core = V" i ww — mye — 201 (3:23)
Using this formula it is easy to show that Eq. (3.19) reduces to
2(1 + w)é(w)[1 + o F (1, w,w)] = 2(1 + w)¢(w) (3.24)

in the limit v; = ¢/, confirming that F'(1,w,w) = 0 to all orders. The limit vy = v’ gives

F(w,1,w) =0.
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The axial sum rule (i.e., Eq. (3.9) with I = ¢, 75) can be written out explicitly in the

same way [13]:

§(w2-f) [1 + aSF(wi,wf,wif)] (—1 + w; + wf — wif)

€ l n
= (w; —1)(wy — 1)2 571 Se—1(wi, wr, wif) ZT€ 1/2 (w;) g()l(/%(wf)WA(mM mé )g/é)
Z_

¢
+ZSZ+1 Wi, W, Wif ZT€+1/2 w;i)T Hl(/%(wf)WA(mM mglg/;) (3.25)

(0)(n)

As in the vector sum rule, the masses of the intermediate states are denoted by m,/; /o

The limits v; = v/ and vy = v’ are trivial for the axial sum rule.

The doublets with spin of the light degrees of freedom s; = £+ 1/2 and s; = ¢ — 1/2
contain states with angular momentum ¢, £ + 1 and ¢ — 1, £, respectively. But only one
member of each doublet contributes to the sum rules in Eqgs. (3.19) and (3.25) because of
the choice of currents. This explains the appearance of only one polarization function for
each doublet in the vector and axial vector sum rules.

The zero-recoil normalization of the B — D®) Isgur-Wise function allows one to write

0,2
§(w):1—p2(w—1)+7(w—1)2—-~- . (3.26)

The axial and vector sum rules (i.e., Eqs. (3.19) and (3.25)) give expressions for p?, 02, and
higher derivatives of £(w) when differentiated with respect to the parameters w, at w, = 1.
Different combinations of derivatives yield different relations. In the v = 1 frame, the
sum rules are invariant under the interchange of w; and wy, and it is therefore sufficiently
general to consider only derivatives with respect to w;y and w = w; = wy. Because of this
simplification, this chapter only uses derivatives of the vector and axial sum rules of the

sort
orta

ST (3.27)

w; p=w=1
Derivatives of the vector sum rule with p + ¢ = 2 give expressions for o2, while the extra
factors of (w, — 1) in the axial rule require p + ¢ = 3 for curvature relations.

As an illustration of the method, one can easily derive the Bjorken [23, 22] and Uralt-
sev [19] sum rules with order as corrections. For this it is only necessary to consider p+q = 1

in the vector rule and p + ¢ = 2 in the axial rule. Taking the vector sum rule first, the
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equation given by the p = 0, ¢ = 1 derivative is trivial, but p = 1, ¢ = 0 gives the Bjorken

sum rule with one-loop corrections [18]:

) = % n tC:T (g - ln4,u—2> +23° [Té/;(l)r +3 [71(/2)(1)}2 . (3.28)

This equation has been written in the familiar notation of Isgur and Wise using Eq. (3.20).
The upper limit A on the sums stands for a factor of the weight function Wa (mar—mx.),
which serves to cut off the sums. Without it the results are divergent, as can be seen by
attempting to take the A — oo limit in the order ay corrections. Note that the subtraction-
point dependence is the same on both sides of the equation, since Isgur-Wise functions are
independent of p at zero recoil while their slopes depend on it logarithmically [24]. This
equation should be evaluated near p = A to avoid large logarithms in the perturbative

expansion.

The lower bound resulting from ignoring the sums in Eq. (3.28) is similar to one derived
in Ref. [25] but somewhat weaker. As discussed in Ref. [18], this is the result of using
different weight functions. That of Ref. [25] is effectively given by the phase space of b
decay and falls off faster with €, thus reducing the contribution of the intermediate states
to the sum rule and strengthening the resultant lower bound. A similar effect could be
achieved here by using a smaller value for A, but as discussed above this makes the use of

perturbative QCD less reliable.

The p = 0, ¢ = 2 derivative of the axial equation also gives the Bjorken sum rule. The
p=2,g=0and p=1, ¢ =1 derivatives give the same result, which, when combined with

the Bjorken rule, gives the traditional form of the Uraltsev sum rule:

2 (n) ;1112 2 ), 112 1 1 1
Z [7_3/2(1)] - Z [7'1/2(1)} ~ 1 bif1 — 5(52'1 +bs1) = 1’ (3.29)

where Eq. (3.20) has again been used. This equation receives no unsuppressed perturbative
corrections. (There are in fact perturbative corrections suppressed by AéCD /A? [19], but
such corrections are being neglected here.) In this particular derivation of the Uraltsev
rule, this is the result of the relation in Eq. (3.16) between the first derivatives of F.
But another derivation from different derivatives of the axial and vector sum rules gives

as corrections proportional to F'(1,1,1) = 0. It appears that the Uraltsev rule is always
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protected from perturbative corrections by the general identities F(1,w,w) = F(w, 1,w) =

0. This convergent sum rule indicates that 7‘1(7%(1) and T?E?z)(l) become equal as n — oc.

Combined with Eq. (3.28), the Uraltsev rule improves the Bjorken bound significantly:

A
3 2 3 das (5 4A?
20y _ 2 , (n) 2 s (2
Pi(p) =7 +bin(w) +3Zn: [71/2(1)} >t o <3 In 2 > : (3.30)
Because the Uraltsev rule is not corrected, the corrections to this improved bound are just
those of the original Bjorken bound. In particular, they are not substantially increased, as

one might expect from the drastic improvement to the bound.

Constraints on the curvature of the Isgur-Wise function are obtained from higher deriva-
tives of the same equations. The three second derivatives of the vector equation and the
four third derivatives of the axial can be reduced to five linearly independent relations, as

demonstrated in Ref. [14]. Complete with the one-loop corrections derived here, they are

A A
4 1)(n 1)(n)’ 3 1)(n 1) (n) 2
Po= o Om Y W+ YA W™ )+ Ship s (331)
A
n n)’ 1
o’ = - E ng};( )(1)73%( ) (1) + bif1p® — biga — 3 (bigif + brair) (3.32)
2 SINCIGIE 2
2 = 2% [75/2 (1)] + 2107 — biga | (3.33)
2 2, 9 = 2)(n) 2 2 5
ot = Z,O + 1 En [7'3/2 (1)] +2b;p1p° — biy2 — Zb,’fl , (3.34)
A
4 3 0)(n) 2 4 4 6
ot = 3,02 +s > [7'1(/;( ) (1)} + 3bif1/)2 —ghin— ¢ (bigig + bpif)
8 3
— Sy — 2 (b + 2b; . :
£birz — 15 (biz + 2bias + by2) (3.35)

The last two equations give the bounds of Ref. [14], complete with order a4 corrections. Only

a couple of orbital excitations occur and in positive-definite form, allowing the derivation



22

of nontrivial lower bounds. Using the values of Egs. (3.18) gives

) > o) <1 4 0 B n“jj) _ 1930, | B, m‘fj . (3.36)
2w > SIPWI ew) (1 y 2 2o ln%;)
2
= ﬁ;‘r % hﬁ% , (3.37)
where the identity 7'1(%(0)/ (1) = —p? has been used. As demonstrated below in the derivation

of physical bounds, the subtraction-point dependence is the same on both sides of these

inequalities.

3.4 Physical bounds

When combined with a5 and Aqcp/mep corrections from matching HQET onto the full
theory, the curvature bounds derived above imply bounds on the zero-recoil derivatives of

the functions Fp (w). It is convenient to expand these functions about the zero-recoil

point according to

52
Fpw (w) = Fpe(1) [1 — P (w—1) + %(w — 1% — - ] : (3.38)

A simple matching calculation, taken from Ref. [24], yields the relations between the Isgur-

Wise derivatives and those of the physical shape functions:

4o m2  « 20 A
2 _ 2 s c s [ s(as) (1/m)
4oy m?2  « 20 4o m2
2 2 2 s c s (as) s c
o = 2 In—+—1(¢ - — In—
D (1) +2p7 (1) |:97T n,u2 + T < D) 27)] + 157 n,u2

as (o) 16 A am)
+2 (AD(*) . —> ALl (3.39)



23

The perturbative corrections are model independent. The parameters 5) and A(Da(“;)) are

D)
given by
sl _ 21— 2)(11 422+ 1122) +24(2 — z + 2%)zlnz 0.24
br 27(1 — 2)3 CoT
NCO I 2(1 —2)(23 — 342 4 232%) +12(3 — 32 4+ 22%)zlnz 190
b 27(1 — 2)3 T
Alos) _ BT+ 17z + 25222 + 1723 + 472%)
pr 675(1 — 2)4
_ 4(5 +1252 — 552% + 952° — 182%)zInz 116
135(1 — 2)5 T
Alos) AT 258z + 30222 — 25823 + 472%)
b 225(1 — z)4
8(5 — bz + 522 — 2%)2% Inz
_ —0. 4
HOEEE 0.63 , (3.40)

where z = m./my, and the approximation T(+) ~ 2z has been made in the order ay correc-
tions. These values agree with those calculated in Ref. [26]. The numerical values are for

me = 1.4 GeV and my, = 4.8 GeV.

The nonperturbative corrections cannot currently be calculated model-independently
because they depend on the four subleading Isgur-Wise functions that parameterize first-
order corrections to the heavy-quark limit, x1_3(w) and n(w). But they can be estimated
using QCD sum rules [27] (and, in principle, lattice QCD). In the notation of Neubert [24],

the nonperturbative corrections are

m 4
o™ = =21+ 2) — 2xa(1)(1 = 32) + (1)1 - 32)
5 1—2z+ 522
m 2(1 — 2)?
9B = a1+ 2) [~ 2 + 64 m)] + 2y~ 1
m 1-22+4+522 5 8(1 — 62 + 22)x2(1)
AV 2| o)== 22 T 2 2(1 (1) —
8 n(1)(5 — 282z + 1822 — 5223 + 252%)
Z(1—32)x,(1) — 4(1 — 32)x4(1) —
+ 5 (1= 32)xa(1) — 4(1 = 32)x;5(1) 91— 2
/ _ 2 _ 2
2n'(1)(1 — 224 52%) (1 +2)(25 — 42z + 2527) ~ 26— 17,
3(1—2) 18(1 — 2)?
(1/m) _ (1-2)? (1—2)2
AR = ap (1) - T20+2) DO — ba) +6xs()] - 20" (1) 5

Q

—0.3, (3.41)



24

where the primes denote d/dw. In these corrections p? can be taken to be p%(*), since the
results here do not include corrections of order asAqgep /mep. The parts of these expressions
for Agfm) and Ag/ ™) proportional to p? disagree with those of Ref. [26].! The numerical
estimates are based on the approximate values n(1) = 0.6, /(1) = 0, x}(1) = 0.3, x2(1) =
—0.04, x5(1) = 0.03, and x5(1) = 0.02 [27]. The values 1" (1) = x/(1) = x4(1) =0 and z =
0.29 were also used. Since these values are model-dependent with large uncertainties, the
numerical estimates of the nonperturbative corrections should be interpreted with caution.
Reliable lattice results would be a welcome check on such large QCD sum rule estimates of
these corrections.

Combining the bounds of Egs. (3.36) and (3.37) with Eqgs. (3.39) gives the physical

bounds
5 8« 320, . m2 13as . m?2  bSa
2 2 s (as) s s s o(as) (as)
Opt =~ 1PDe < 5D( 2 4hn ln4A02> T 1H4Ac2 - EéD(*) AD( )
5 A (/m) A am)
~12m. 00 T g Aot (342)
3 2 4 4o m2 s () 3 A (1/m) 4oy m2
2 2 2 S S clas m s
opew > & (Ppm)” + 2P (1 + o MR T 0 T 55 0p | T gp- MRS
dag _ dag o) | @ p@) 4 A sam) o AL a/m)
157 Bn 5D( *) AD( O EchéD(*) 2m.. AD(*) ’ (3.43)

Numerically, these inequalities are

5
ohe > Zp%* [1 —0.11(0.16), — 0.3,,,] — 0.081(0.059), 4 0.1, ,

3 4
ohe > = (%) + = ph+[1 —0.066(0.101), + 0.08,,,] — 0.14(0.13),, — 0.003,,,, ,

5
ob > 70b[L+0.041(~0.014), +0.0,,] — 0.025(0.0028), + 0.2y .

3 4
o3 > s (p%)2 + gp%[l + 0.025(—0.0089), + 0.3,,,] — 0.039(0.032),, + 0.1, ,(3.44)

where the values oy = 0.3 (in the MS scheme around 2 GeV) and A = 0.4 GeV have been
used. The perturbative corrections, with subscript p, are for two values of A. The results
for A = 2 GeV are first, and those for A = 3 GeV are in parentheses. The nonperturbative
corrections are labeled by a subscript np.

Equations (3.42) and (3.43) imply absolute bounds when combined with the corrected

!The authors of Ref. [26] have confirmed these findings. They report that the numerical result in their
Eq. (19) for the difference (0% — 0%)/2 changes from 0.17 4 0.20p? to 0.17 4 0.29p°.
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form of the Uraltsev bound,

B R Yo N m2
pD()>4+ 14A2 D)

(@) , A /m)
5 +75D() , (3.45)

which comes from Eq. (3.30) and the first of Eqgs. (3.39), and the tree-level Voloshin
bound [28], p?> < 3/4. A lower bound is required for terms proportional to p%(*) with
positive coefficients, and an upper bound is required for those with negative coefficients.
The latter are corrections, so the upper bound is only needed at tree level. Note that an
upper bound is required to estimate the greatest impact the corrections could have on the

bound.

Inserting these inequalities into Eq. (3.42) gives

15 14a m? 3« « A

2 s c s ¢(as ) s A (as) (1/m)

0) > _16 + — 4A2 + 5D( 9 —ﬂ_ AD(*) + —2mc AD(*) s (346)
(1/m)

where p%(*) is replaced by 3/4 in A The absolute bound produced in the same way

D) -
from Eq. (3.43) happens to be identical at leading order and weaker only by the addition of
—4a, /157 after perturbative and Aqcp/me, corrections are included. Using the numerical

estimates above, the bounds in Eq. (3.46) are

ohe > 0.94—0.26(0.34), — 0.5, ,

0% > 0.9440.045(—0.027), — 0.04,, , (3.47)

where the corrections are labeled as described above.

When considering the bounds in Egs. (3.45) and (3.46) and their dependence on A, one
must bear in mind that the logarithms in the perturbative corrections are only small if A,
my, and m,. are roughly of the same order. That is the accuracy of the results obtained
here. For instance, Eq. (3.39) is valid for p on the order of m.p, while Egs. (3.36) and
(3.37) are valid for u near A. Therefore, taking the A — oo limit does not make sense in
the absolute bounds. To understand the behavior of the bounds in this limit, one would
need to sum the logarithms of m?2/A2. Since these logarithms are not large for the values
of A used here, this extra step has been omitted.

The sum rule bounds derived here should be compared with the dispersive constraints

usually used to guide the extrapolation of measured form factors to zero recoil. These con-
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straints are derived by computing the vacuum expectation value of a time-ordered product
of b — ¢ currents in the perturbative regime and then using analyticity to learn about
the semileptonic regime. The result is equated with a spectral function sum of resonances
(i.e., a sum of positive quantities). Much as in the derivation of the sum rules here, fo-
cusing on specific resonances yields form factor constraints. A typical example is shown
in Fig. 3.4. The slope and curvature must lie within the ellipse, a constraint that is well
approximated by a linear relation between the slope and curvature. Data are fit as a func-
tion of w for |Vgp|Fpe) (1) and p2D(*), and the second derivative at zero recoil is related to
the slope according to this relation. For the process B — D¢~ 7, Belle used the relation
0% /2 = 1.05p%, — 0.15 [11] to find 0% = 2.06 & 0.46 + 0.29, where the first uncertainty is

statistical and the second systematic [29]. This value is consistent with the bound above.

Rather than Fp«(w), one typically fits the shape of the axial vector form factor hy, (w),
which is defined, for example, in Ref. [26]. Like Fp+(w), it is equal to the Isgur-Wise function
&(w) in the heavy-quark limit. Its curvature is defined as in Eq. (3.38) and satisfies the

bound in Eq. (3.46), with perturbative and nonperturbative corrections given by

500 21— 2)(17 — 42+ 172%) + 6(9 — 3z + 42%)zInz 0.65
AT 27(1 — 2)3 o
m 1+
G/ = —2(1 4 2)xh (1) + 4axa(1) + A (1)(1 - 32) + 2p(1) — —= ~ —1.3,
Ales) _ 4(1 — 2)(27 — 203z — 6822 — 2032° + 272%) — 120(10 + 522 — 2%)z*Inz
Av 225(1 — z)? =024,
AY™ = pPRan(1) =1 - 2]+ 2 (1)(1 + 2) — 82xh(1) — x5 (1)(1 - 32)
1
+ 2n(1) — 220/ (1) — "2” ~ —0.9p% - 0.5, (3.48)

where the numerical estimates are based on the values used above. These values produce
the absolute bound
0%, > .94 —0.071(0.14), — 0.2y, (3.49)

on the curvature of ha,(w). This should be compared with the value found by Belle by
the procedure described above for the process B® — D*te~ 5. Using the relation 0'1241 /2 =
1.08p%, — 0.23 [11], Belle found 0%, = 2.44 + 0.37 £ 0.41, where the first uncertainty is
statistical and the second systematic [30]. This value is also consistent with the bound

produced here. A plot comparing dispersive constraints and sum rule bounds for this form
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factor would be similar to Fig. 3.4, but with the sum rule bounds comparatively somewhat

weaker.

3.5 Summary

This chapter has presented order oy corrections to two new sum rules derived in Refs. [12,
13, 14] in the context of HQET. Section 3.2 repeated the tree-level derivation of a generic
sum rule depending on three velocity transfer variables and included one-loop corrections.
Section 3.3 studied the axial vector and vector sum rules that result from choosing specific
currents in the generic equation. These led to as-corrected versions of the sum rules of
Le Yaouanc et al. for the curvature of the Isgur-Wise function. There were no corrections
suppressed by the heavy quark masses because the infinite-mass limit was used. Section 3.4
translated these HQET bounds into bounds on physical form factors by including per-
turbative and finite-mass corrections associated with matching HQET onto the full theory.
Numerical estimates were given and compared with experimental values and dispersive con-
straints. The bounds produced here are less powerful than dispersive constraints but may

provide an important check on those constraints.
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Figure 3.4: Dispersive constraints on Fp derivatives combined with the corrected sum rule bounds
derived here at A = 2 GeV. The interior of the ellipse is the region allowed by the dispersion
relations. Including the curvature bounds, given by the area above the dashed curves, further
restricts the allowed region to the shaded area. The darker region is obtained by also including the
Bjorken and Voloshin bounds. Both perturbative and nonperturbative corrections are included.
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Chapter 4

Soft-collinear effective theory

This is a brief review of some of the aspects of soft-collinear effective theory (SCET). Its
logic follows the unpublished notes of C. Bauer [31]. This will be an introduction to the
remaining topics of the thesis, each of which involves SCET in a fundamental way. Just like
HQET, SCET describes the interactions of quarks in a very specific situation. For HQET,
the quarks were heavy and were considered only inside hadrons. In SCET, for the most
part we consider light quarks with large energy relative to the scale of strong dynamics,
Aqcp. For instance, a typical application is to b — sy decays in the region of phase space
in which the strange quark has energy on the order of the bottom quark mass, my, but still
has small invariant mass. The fundamental point is that the light quark has large energy

but small mass and hence travels almost along the lightcone.

4.1 Basics

Making the statement above more formal, we introduce a power counting parameter similar
to the power counting parameter in HQET, Aqcp/mg. Here we denote it A for generality
and define

PP =N < Q@ (4.1)

where () is the large scale in the process under question. Typical values for A are \/Aqcp/my,
or sometimes Aqcp/mp. To be general, for now we will not specify what X is. Now we will
follow the same steps as in the introduction to HQET above. Start with the QCD quark

Lagrangian, this time for zero mass. (It is possible to add a quark mass, but this is a
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separate topic to be discussed in a later section.)

L = b(@)ipp(a). (4:2)
The quark propagator that results from this Lagrangian is the following:

iy

]m . (4.3)

We will expand this propagator just as in the HQET case by enforcing our SCET power
counting. To understand what this power counting should be, decompose the quark mo-
mentum as follows:

1

_ o
pH = in-pn“ + in-pn“ +pll . (4.4)

This parametrization is useful for processes occurring near the lightcone. The lightlike unit

vectors above satisfy the following conditions:

For convenience, we will choose these vectors to be n* = (1,0,0,1) and a* = (1,0,0,—1).
Other choices are possible, but this is as good as any, assuming that we are talking about
an energetic quark moving along the z-axis. This means it is mostly in the n direction.

Using these lightcone coordinates, the invariant mass of the particle is given by

p’=npnp+pl. (4.7)

The momentum scaling of the collinear quark discussed above gives the following scaling

of the momentum lightcone components:
pN ~ Q()‘27 17 )‘) ) (48)

where the first component is n-p, the second component is 7-p, and the last component is p .
The last component actually stands for the two components of momentum perpendicular to

the z-axis. They have the same scaling, by assumption, and so they are grouped together.
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The less energetic degrees of freedom the collinear quarks interact with are called ultra-
soft, or usoft. (There are also soft modes, but these will not concern us here.) They have a

characteristic scaling very different from the collinear degrees of freedom:
Phs ~ QN (4.9)

This means that all their components scale the same way, just like the soft degrees of
freedom in HQET. Just as the light degress of freedom in HQET could not change the
velocity of a heavy quark, the usoft degrees of freedom here cannot change the scaling of
the collinear quark’s momentum. To include this fact in the formalism, we parametrize the
collinear momentum as

pr=pr Ak (4.10)

where the so-called label momentum is defined as
= Laph 4.11
pr=gnepnt +pl (4.11)

and the residual momentum is denoted k. Only k is affected by interactions with usoft
particles.

With these definitions and scalings in hand, we can proceed with the expansion of the
quark propagator. Putting all these scalings into Eq. (4.3) and keeping only the leading-

order piece gives

=

i np (4.12)

2 n-pn-k +p? +ie’
When we derive the leading-order SCET Lagrangian in the next section, it will be easy to

confirm this form of the propagator.

4.2 Lagrangian

The SCET Lagrangian can be derived in a way very similar to the derivation of the HQET
Lagrangian. As in that case, we start by factoring out the large momentum components
from the field. In the SCET case it is necessary to sum over the label momentum in this
process. This is what one would naturally expect, because the field gives a continuous

spectrum of momenta when it creates particles, but it was unnecessary in the HQET case
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because of a “velocity superselection rule.” This is the same as the statement that the
velocity of a heavy quark cannot be changed by interactions with soft particles. It makes
the sum over velocities unnecessary since there will always be a delta function present to

collapse the sum.
However, here the sum is necessary, and we write
Pla) = e Py p(x). (4.13)
D
We can check that this does what we want by acting on the original field with a derivative:

iPU(x) = DY e T ()
= D¢ B+ iD)bnpla). (4.14)

This shows the order of a derivative acting on the newly defined 1, ,, field:

D () = (). (4.15)

This is what we were trying to accomplish by pulling out the exponential prefactor involving
the large momentum components. Derivatives acting on the new field scale like the residual

momentum.

Let us now write the Lagrangian in Eq. (4.2) in terms of the 1), , fields:

L= e TPVEG D)y (). (4.16)

P’
Just as in the HQET case where subtracting out the exponential prefactor was not sufficient
to get rid of large fluctuations, here 1, , contains two large components and two small
components. We must integrate out the large components just like the 9, field in HQET
and then write the Lagrangian only in terms of the components giving small fluctuations

around the SCET limit. Write the two different components as

T;Z)n,p = én,p + gﬁ,p ) (4.17)
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where they are defined once again in terms of projection operators:

it

Snp = an,p, (4.18)
fﬁ,p - %wn,p . (4.19)
These new fields satisfy the following relations:
@gn,p = fn,py ﬁfn,p - 07 (4.20)
%é.ﬁ,p =&ip, Map=0. (4.21)

In terms of these fields, the Lagrangian can be written as

(n-p +in-D)&np(x)

L= Z e~ i(p—p")x [ £n7p,($)%in-D£n7p(gj) + gﬁ’p'(x)%
D,p’

+ & (@) B+ iDL )enp(@) + Enp (2) B + iDL )Enp(2) | - (4.22)

Varying this Lagrangian with respect to &5, gives the equation of motion for the large

components:
1

Salt) = T D

(BL+iD1)snp(T) - (4.23)

Just as in our HQET derivation, this equation can be used to eliminate the &5 ) field from

the Lagrangian at tree level. The result is

(e +iD0)| enpl). (120

L= ,32,3:/ e PPV TE, () |in-D + (po + Z'DL)W

To get the leading-order SCET Lagrangian, this expression still needs to be expanded in our
power counting parameter A. To do this, though, we need to distinguish between different
kinds of gluon fluctuations. There are both collinear and ultrasoft gluons to worry about,
and this is one of the things that make SCET so much more complicated than HQET. In
HQET, there is only one kind of gluon fluctuation, the Aqcp gluon. The two different types

of gluon field have the following scaling:

AT~ QO L), A~ QA (4.25)
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The ultrasoft scaling shows that its contributions to D) and 7n-D are subleading and can
be dropped at this order. In contrast, the collinear gluon still has large fluctuations that

must be removed just as we did for the collinear quark:
A(z) =D e PRAL (x). (4.26)
D

This fact must be kept in mind. While the large fluctuations of the collinear quark field
have been fully removed from our Lagrangian, the same is not true of the collinear gluons.

Derivatives acting on these fields can still be large.

For now, let us proceed and write the Lagrangian with the ultrasoft gluons dropped

where possible:

1

e D) B, ). )

£ = Y e @)D + (1 + D)
Dy’

The derivatives labeled with a superscript ¢ contain only collinear gluon field and the

derivatives without a superscript contain both collinear and ultrasoft gluon fields. Note

that only one term in the Lagrangian above contains interactions of the collinear quark field

with ultrasoft gluons. It is the one place where the ultrasoft gluon field is not subleading.

This feature will be crucial in what follows.

4.3 Label operators

An unfortunate fact about the notation used above in the expression for the Lagrangian
is that all partial derivatives are meant to act only on the exponentials containing label
momenta and not on the fields themselves. The following explains what we mean. The

partial derivatives are supposed to act according to
w0 e MGy =D e T phn. (4:28)
D D

This is not intuitive, and a better notation was invented in Ref. [36]. The so-called label

operators do exactly what we want, as can be seen in the following. The label operator
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acting on a field just gives the large component of its label:
n-Pnp =1-plnp - (4.29)

Now define the following convenient but deceptive notation to hide the sum over labels:
En =) e P, (4.30)
D
and we can see what the label operator is good for. Acting on this field, it gives just the

sort of expression that appears in the Lagrangian:

n-P&, = ﬁ'PZe_iﬁ'xén,p

p

= Z e PTRpE, . (4.31)
P

Using this, we can rewrite our expression for the Lagrangian in a much simpler way:

£= &) (D +ip3 D ) Seato). (4.32)

This expression allows us to easily verify the collinear quark propagator derived above by

expanding the QCD propagator with the SCET power counting.

The following definitions of the covariant derivatives should be noted:

n-D¢ = n-P—igl'n-A°, (4.33)
DS = P —igT"A7, (4.34)
n-D = n-0—igln-A°—igT%n-A". (4.35)

These are not quite what one might expect, but they are correct for our purposes.

4.4 Gauge invariance

The Lagrangian as written above is still not quite right. To see what is wrong and how to

correct it, we must first understand gauge invariance in the context of SCET. First, recall
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SU(3) gauge transformations of the fields in QCD:

P(x) — P(x) =Ulx)h(z), (4.36)
APr) —  AM(x) :U(:E)A“UT(x)JrgU(x)a“UT(x), (4.37)

where U (z) is an SU(3) Wilson line. Since SCET splits up the gluon fields into two different
kinds, collinear and ultrasoft, it is natural that there should be two different kinds of gauge
transformation as well. Since ultrasoft fluctuations are at a much lower momentum scale (or
a much larger distance scale) than the collinear fluctuations, we can think of the ultrasoft
gauge field as a classical background field for the collinear degrees of freedom. With this
picture in mind, it is clear that the ultrasoft fields should transform under ultrasoft gauge

transformations just as they do in QCD:

¢u5($) - 7%5(55) :U("E)usqu(:E)a (4-38)
Al () — A{fgm=U(sc)usAﬁSUzs(m;rfus(x)aﬂrfis(x). (4.39)

At the same time, the collinear fields should transform under collinear gauge transformations

just as they do in QCD in background field gauge:

fn(x) - giz(x):un(x)fn(x)a (4-40)
Al(z) — Aﬁf(w)=un<x>Aﬁu£<x>+gunm@“ui(a:). (4.41)

Here we have defined a different kind of covariant derivative to take into account the label
operators:

1 1
D! = Sn-Pnt 4 Pl 4 on-Di, (4.42)

where the regular covariant derivative contains only the ultrasoft gluon field:

n-D =n-0+ign-Ays. (4.43)



37

Finally, under ultrasoft gauge transformations, the collinear fields transform as

En(r) — & (x) = Us(x)én(), (4.44)
Ab(z) —  Al(x) = Uys(z) Al (@)U (4.45)

With all these definitions and transformations established, we are ready to deal with
gauge invariance in SCET. First define a collinear Wilson line made up only of collinear

gluons:

Wy (x) = Pexp <—ig /;O dsﬁ-Ac(ﬁs)> . (4.46)

From the properties established above, it transforms under collinear gauge transformations
according to

Wh(z) — W) (2) = Up(2)W,(z), (4.47)

and under ultrasoft gauge transformations according to

Wo(x) — Wy (z) = Uus(x)Wn(x)Uis(x). (4.48)

Now we note that the problem with the form of the Lagrangian above is that it is not
gauge invariant because of the derivative term in the denominator. We can fix that problem
now by adding the terms required by gauge invariance. The following identity can be shown
without too much trouble:

7P + gi-A® = W,,n-PW,! . (4.49)
This identity shows us what we need to add to the Lagrangian to make it gauge invariant:

1
mn-P

WJ(%)%’D&) Fea@). (4.50)

£=éx) (nD DS Wa(a)

The Wilson lines make explicit the fact that the original Lagrangian contained interactions
of collinear quarks with an arbitrary number of collinear gluons, all at the same order in
the power counting parameter A. This fact also make SCET quite a bit more complicated

than HQET.
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4.5 Collinear-ultrasoft decoupling

Now we are prepared to derive probably the most important property of SCET: collinear-
ultrasoft decoupling. It is this property that makes SCET’s factorization proofs possible.
Recall first that the only coupling between collinear quarks and ultrasoft gluons in the
leading-order SCET Lagrangian came from the n-D covariant derivative. It turns out that
this simple coupling can be removed by a field redefinition. This field redefinition is given

by the following:

gn(x) = Yn(aj)gr(zO)(x)? (4'51)
Ap(x) = Yo(2)AD (2)Y](2), (4.52)
Wal(z) = Y)W (@)Yi(2), (4.53)

where the ultrasoft Wilson line above is defined in analogy with the collinear Wilson line:
Y, (z) = Pexp (—ig /OO dsn-Aus(ns)> : (4.54)

It can be shown that this Wilson line satisfies
(n-0+ign-Aus)Yn = Yon-0. (4.55)

This relation allows us to write the Lagrangian in terms of the redefined fields and remove

the collinear-ultrasoft coupling;:

£=E0 ) (nD L ips WO <x>#w,§°>*<w>wi) Pe0@). s

It must be noted, however, that although the coupling has been removed from the La-
grangian, the effects have not disappeared. The same field redefinitions must be applied to
any external operators considered, and this is where the effects turn up. These operators
change to include more Wilson lines. But this facilitates the proof of many factorization

theorems.

An interesting sidenote is that this trick will work for HQET as well. After all, there

is a very similar heavy quark coupling to soft gluons in its leading-order Lagrangian. It is
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possible to perform a similar field redefinition and remove this coupling. In HQET, this

fact is unfortunately not as useful.
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Chapter 5

Infrared regulators in SCET

This chapter discusses the important question of whether soft-collinear effective theory
reproduces the low-energy sector of QCD—as it must. Much of this chapter appeared in

Ref. [32].

5.1 Introduction

Soft-collinear effective theory [33, 34, 35, 36] describes the interactions of soft and ultrasoft
(usoft) particles with collinear particles. Using lightcone coordinates in which a general
four-momentum is written as p* = (p*,p~,pt) = (n-p,”-p,p*), where n and 7 are four-

2

vectors on the lightcone (n? = 2 = 0, n -7 = 2), these three degrees of freedom are

distinguished by the scaling of their momenta:

collinear: pt ~ Q(\2,1, ),
soft: P~ QA AN, (5.1)
usoft: Phis ~ Q(A2, N2, \2),

The size of the expansion parameter A is determined by the typical off-shellness of the
collinear particles in a given problem. For example, in inclusive decays one typically has
P2~ Q%N ~ QAqcp, from which it follows that A = \/m. For exclusive decays,
however, one needs collinear particles with p? ~ A(ZQCD, giving A = Aqep/Q. One is usually
interested in describing the interactions of these collinear degrees of freedom with non-
perturbative degrees of freedom at rest, which satisfy p* ~ (Aqcp,Aqcep,Aqep). Thus
inclusive processes involve interactions of collinear and usoft degrees of freedom, while

exclusive decays are described by interactions of collinear and soft degrees of freedom The
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theory describing the former set of degrees of freedom is called SCET; , while the latter
theory is called SCETy [37].

Interactions between usoft and collinear degrees of freedom are contained in the leading-

order Lagrangian of SCETT ,

= . . I
Lr=¢&, zn-D—l—zﬂch.D i ggn, (5.2)

and are well understood. The only interaction between collinear fermions and usoft gluons

is from the derivative
iDF = {DF 4 gAl . (5.3)

These interactions can be removed from the leading-order Lagrangian by the field redefini-

tion [36]

én = Ynégo) 5 An = YnASLO)Yr:[ 5

Y, (x) = Pexp <z’g / Zzs n- Ays(z + ns)> . (5.4)

—00

However, the same field redefinition has to be performed on the external operators in a given
problem, and this reproduces the interactions with the usoft degrees of freedom. Consider

for example the heavy-light current, which in SCET] is given by
Ji{l(w) = [gan]w Chy, (55)

where h, is the standard field of heavy quark effective theory [1], the Wilson line W,, is
required to ensure collinear gauge invariance [35] and w is the large momentum label of
the gauge invariant [£,W,,] collinear system. Written in terms of the redefined fields, this

current is

Tnw) = [€0w®] T [vin] . (5.6)

For exclusive decays, we need to describe the interactions of soft with collinear particles.

This theory is called SCETyy [37]. Since adding a soft momentum to a collinear particle
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takes this particle off its mass shell (p. + ps)? ~ (Q\,Q,QN)? ~ Q?X ~ QAqcp, there

are no couplings of soft to collinear particles in the leading-order Lagrangian.! Thus, the

Lagrangian is given by [39, 40|

L =§ [m-DCJrupgmlD upg] ggn. (5.7)

In this theory, the heavy-light current is given by
il w,r) = [€OWO] T [sih] (5.8)
where S, is a soft Wilson line in the n direction defined by

Sp(z) = Pexp <z’g/_(cz§ n-As(z + ns)) . (5.9)

This is the most general current invariant under collinear and soft gauge transformations.
This chapter is organized as follows: We first consider matching the heavy-light current
in SCET onto the heavy-light current in SCETy; using off-shell fermions. While the terms
logarithmic in the off-shellness do not agree in the two theories, we argue that this is due
to unregulated IR divergences in SCETy; . We then discuss IR regulators in SCET in
more detail. We first identify the problems with the common SCET regulators and then
propose a new regulator that addresses these issues. Using this regulator we then show
that soft and collinear modes in SCETy are sufficient to reproduce the IR divergences of
SCET! and explain the relationship between IR regulators and an additional mode proposed

for SCETyy [40].

5.2 Matching from SCET; onto SCETy;

The only difference between SCET; and SCETyy is the typical off-shellness of the collinear
degrees of freedom in the theory. The theory SCET; allows fluctuations around the classical
momentum with p? ~ QAqcp, while the theory SCETy; allows fluctuations with only p? ~
A?QCD. Since both theories expand around the same limit, SCET; can be viewed as a low-

energy effective theory of SCET| . Therefore, one can match from the theory SCET} onto

LAt higher orders, higher-dimensional operators with at least two soft and two collinear particles can
appear.
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(a) N (b) k

Figure 5.1: Diagrams in SCET; contributing to the matching. The solid square denotes an
insertion of the heavy-light current.

SCETy; by integrating out the O(,/QAqcp) fluctuations.

To illustrate this matching, we consider the heavy-light current. Using the definitions

of this current given in Egs. (5.5) and (5.8), we can write
Jh(w) = /dm C(w, k) JH(w, k). (5.10)
At tree level one finds trivially
Clw,k) =1. (5.11)

In fact, this Wilson coefficient remains unity to all orders in perturbation theory, as was

argued in Ref. [38].

To determine the matching coefficient at one loop, we calculate matrix elements of the
current in the two theories. There are two diagrams in SCET; , shown in Fig. 5.1. For

on-shell external states, we find for the two integrals

dk 1

Ale — 2 4—d/ 19
! IO | oy ek + 0]k T 0] + 0] ° (5.12)
, _a [ 4% n-(pe — k)

Al — 9,2 4 d/ < . 1

! ICr | Gy vk + 0]k — 2pe-k + 0] + 0] (5.13)

The diagrams in SCETy; are shown in Fig. 5.2. For on-shell external states the two integrals

are exactly the same as in SCET :

d?k 1
Alla _ 2 4—d/ 14
! IO | o on k0] ok T 0[R2 1 40] (5.14)
. _q [ A% n-(pe — k)
Al 9.2 4 d/ ‘ . 1
! GCPE | Gy ok + 10]R2 — 2pok & 0] + 0 (5.15)
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(a) k (b) k

i W

Figure 5.2: Diagrams in SCETy; contributing to the matching.

Since the integrands are exactly the same, the loop diagrams will precisely cancel in the
matching calculation. Thus we find that the Wilson coefficient C'(w, k) remains unity, even

at one loop. This confirms the arguments in [38] to this order.

The fact that both of these integrals are scaleless and therefore zero might bother some
readers. The vanishing of these diagrams is due to the cancellation of collinear, infrared
(IR) and ultraviolet (UV) divergences. Introducing an IR regulator will separate these
divergences, and the UV will be regulated by dimensional regularization. In Ref. [33] a
small off-shellness was introduced to regulate the IR divergences of SCETT . In Refs. [40]
the divergence structure of SCETy; was studied keeping both the heavy and the collinear
fermions off-shell. Using this IR regulator, the authors of Refs. [40] argued that SCETy; does
not reproduce the IR divergences of SCET and introduced a new mode in SCETYy to fix
this problem. To gain more insight into their argument, we will go through their calculation

in some detail.

In SCET] the first diagram is

d?k 1
Alr = —ig’C 4—d/
Pe YR | @m)a [pe — nok + i0][v-(ps — k) + 0] [k2 + i0]
2 oo
— _QQCF (4m) =421 (2 - g) “4_d/dn-kr (nok = )~ kY272 (nek — 20-p,)
m 0
s 1.2 —f —Pe 20-Ps \ 1 20Ps
_ aCF|:——2+—lOg b _210g2_p—|-210g<1— U~p>10g U~p
47 € € M 1% c Pe
2v-ps 32
oL 3’ 1
+ 19 ( ﬁc > 4 :| 9 (5 6)
where d = 4 — 2¢ and
2
~ Pe
e 1
7 -~ (5.17)

In going from the first line to the second, we closed the n-k contour below, thus restricting
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n-k to positive values, and performed the Euclidean k| integral. The second diagram gives

. Ak n-(pe — k)
A[b - _9 20 4—d/ [
Pe WEER O  Sak 1+ i0)[(k — po)? + 40] [k:2 + 0]
a,Cp 2 2 2 —p? 2 — D —pc 2
= S 424 4a-2|. (51
47 |:62 TS w2 2 * 6 (5.18)

In this diagram it is necessary to choose d < 4 for the k, integral, but one requires d > 4 for
the n-k integral. In the former integral, dimensional regularization regulates the divergence
at k; = oo, while in the latter it regulates the divergence at n-k = 0. Both of these
divergences have to be interpreted as UV, as discussed in section 5.3. Each diagram contains
a mixed UV-IR divergence of the form log p?/e. This mixed divergence cancels in the sum

of the two diagrams and we find, after also adding the wave function contributions,

1 2 p p? —20-
A, = QZCF[—z 2 log = + 2 +1og? pc—21g —§1g C _9log — P
T e € n-pe  2€ W 112
: 2 2 1n 11
+2log<1— U~ps>log ”ps+2L2< ”ps>+———”]. (5.19)
c c De 2 12

Now consider the SCETy; diagrams. The second is identical to the one in SCETT :
Al = Alb. (5.20)

The first diagram, however, is different and we find

dk 1
Alla _ 200, A d/
. ORI | Gy ek + i0][o- (s — F) + 0][R2 + 0]

_ gC’F4d/d k/ddzlﬂ 1
2m)4=2 n-k (k? +n-k? — 2v-psn-k)

_ ——a‘;CF (4m)2- 42T <2 - g) T / dn-kn-k*=3 (n-k — 20-p,) 7?72 (5.21)
s 0

Figure 5.3: Contribution of the additional SCET 1 mode proposed in Refs. [40].
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Note that convergence of this integral at n-k = oo requires d < 4, whereas convergence at
n-k = 0 requires d > 4. In this case dimensional regularization is regulating both a UV
divergence at n-k = oo, as well as the divergence at n-k = 0 , which is IR in nature, as we
will discuss in section 5.3. Using the variable transformation = = n-k/(n-k — 2v-ps) to relate

this integral to a beta function [41] one finds

Crl1 2. —2vup —2u-p,  Bm?
Alla as - — - * 4 2log? — =24+ | . .22
pe ir |2 ¢ B +2log 12 (5:22)
Adding the two diagrams together with the wave function contributions gives

aCr |3 _ 2lo 2v'bs Pe e + o + log? s + 2log? —2UPs §lo P

ir @7 %% w3 2¢ & 2 & 9 8 12
—20- 11
— 2log Up8+?+7ﬂ. (5.23)

We can see that in the sum of the two diagrams the terms proportional to log p? /e or log vps /¢
do not cancel as they did in SCET] . Furthermore, the finite terms logarithmic in p? or
v-ps do not agree with the corresponding terms in the SCET result. This fact prompted
the authors of Refs. [40] to conclude that SCETy does not reproduce the IR divergences
of SCETy; and that a new mode is needed in the latter effective theory. However, as we
mentioned above, there are problems with IR effects in this diagram. In fact, as we will
show in great detail in the next section, the off-shellness of the fermions does not regulate
all IR divergences in this diagram. This means that the fact that the terms logarithmic in
the fermion off-shellness do not agree between SCET| and SCETy; does not imply that the

IR divergences are not reproduced correctly since some 1/e poles are IR in origin.

We also calculate the diagram in SCETy containing the additional mode proposed in

Refs. [40]. The new messenger mode has momenta scaling as
Y. Aocn, A220 /Q12 5.24
Psc ( QCD/Q; QCD» QCD/Q ) ( 24)

ote a € Invariant mass o 1s term satisties p;,. < . € dlagram 1S Snown 1n
Note that the invariant f this t tisfies p2, < Adcp-) The di is shown i



47
Fig. 5.3 and we find

ddk 1
|
pe IR @m) i pe —nk + 0] 20-ps — 7k + d0][kZ + i0)
9 20Ps De m°

P (5.25)

C 2 2 20-ps P,
Qe F [———F—log Up;pc—log
i

Adding this term to the Eq. (5.23) cancels the terms proportional to log(2v-ps p?/u3)/e and
we find

Crpl1 2 7 5 —p? —p? —2v-p
AL o SSRGS 2 log2 —Le — Ziog Lo _9) :
Pe 4 | €2 + e 08 N Pe + 26+ o8 w22 o8 12 &
—2v- ps o [ 2V psPe 11 =2
2log? [ —= ) —1 —_— —_——— . 5.26
e ( Iz ) o < w2 )2 (5:26)

This result still does not agree with the SCET] expression in Eq. (5.19). However, the off-
shellness in SCETYy satisfies p. < v-ps. In this limit the SCET] result in Eq. (5.19) agrees
with the SCETyy result in Eq. (5.26).

5.3 Infrared regulators in SCET

5.3.1 Problems with known IR regulators

One of the most important properties of SCET] is the field redefinition given in Eq. (5.4),
which decouples the usoft from the collinear fermions. It is the crucial ingredient for proving
factorization theorems. Furthermore, only after performing this field redefinition is it simple
to match from SCET} onto SCETY; , since one can identify the Wilson line Y;, in SCET| with
the Wilson line S,, in SCETy; . However, it is a well-known fact that field redefinitions only
leave on-shell Green functions invariant [42]. Hence, the off-shellness of the collinear quark
p? used to regulate the IR in SCET] takes away our ability to perform this field redefinition.
Since no field redefinition is performed on the heavy quark, one is free to give it an off-
shellness.

IR divergences appear in individual diagrams, but they cancel in the set of diagrams
contributing to a physical observable. More specifically, the IR divergences in virtual loop
diagrams are cancelled against those in real emissions, which physically have to be included

due to finite detector resolutions. From this it is obvious that the IR divergences in the
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heavy-light current originate from regions of phase space where either the gluon three-
momentum |k| or the angle 6 between the gluon and the light fermion goes to zero. Other
divergences arise if the three-momentum of the gluon goes to infinity or 8 goes to w. These
divergences are UV. To check if the IR divergences match between the two theories one has
to use an IR regulator that regulates all IR divergences in both theories. To get insight
into the behavior of the three-momentum and the angle, it will be instructive to perform
the required loop integrals by integrating over kg using the method of residues, and then
integrating over the magnitude of the three-momentum and the solid angle. This will allow
us to identify clearly the IR divergences as described above. Let us illustrate this method by
showing that all 1/e divergences in the SCET] one-loop calculation of the previous section

are UV. For the first diagram we find

dek 1
Ale — _ig? 4—d/
Pe ig"Crp 2m)? [po — 1k + i0][v- (ps — k) + d0][k2 + 0]
2 [e’s)
_ 9CF Quo 4—d/ d—2
= I et [ el
! d—4 1
x [dcos®@ sin®"*0 _ . 5.27
/_1 (|k[(1 — cos0) — pc) (k| — v-ps) K] (5:27)

Performing the remaining integrals, we of course reproduce the result obtained previously,
but this form demonstrates that all divergences from regions |k| — 0 and (1 — cosf) — 0

are regulated by the infrared regulators and thus all 1/e divergences are truly UV.

The second diagram is

4 [ A% n-(pc — k)
b _ _o: 2 4—d ¢
Apc = 2ig°Crp /(27T)d [—ﬁ-k‘ n iO][(pc _ k‘)2 + 2‘0] [k2 + 2‘0]
= —2ig2CF [[1 + IQ] R (5.28)

where I1 and I are the integrals with the np and the 7k terms in the numerator, respectively.

The integral I is standard and we find

. 1 .2
Ih=—— [— —log :;C + 2] , (5.29)

where € regulates only UV divergences. For the first integral we again perform the kg
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integral by contours and we find

= . O, [e'e] 1
n o= P i — u4_d/d\ka]d_2/dcose sin?=1 9
2 (2m)! 0 -1
1
k2(1 4 cos 0)[2[k|(po — |p| cos 0) — p2]
1
i , 5.30
alpo + a + |K| cos@][2p(2)+2p0a— 2|k||p| cos 6 — p?] ( )
where

pe=(po,p),  a=+/k?+p?—2[k[|p|cosf. (5.31)

From this expression we can again see that all IR singularities from |k| — 0 and (1—cos ) —
0 are regulated by the off-shellness, and all remaining divergences are UV. Note furthermore
that in the limit |k| — oo, with unrestricted 6, the two terms cancel each other, so that
there is no usual UV divergence. This agrees with the fact that there are five powers of
k in the denominator of the integrand in Eq. (5.28). However, in the limit |k| — oo with
|k|(1 + cosf) — 0 the second term of Eq. (5.30) remains finite, whereas the first term
develops a double divergence. Thus, it is this region of phase space that gives rise to the
double pole in this diagram. The presence of the square roots makes the evaluation of the
remaining integrals difficult, but we have checked that we reproduce the divergent terms of

the result given in Eq. (5.18).

From the above discussion it follows that the off-shellness of the external fermions reg-
ulates all the IR divergences, and that the 1/e divergences all correspond to divergences of
UV origin. The situation is different in SCETY; , since the off-shellness of the light quark

does not enter diagram (a). We find

dk 1
Alla — ;2 4—d/
pe P | Gy ek + i0][o- (s — ) + 0][k2 + 0]

2 o)
g°Cr Q4o 4—d/ d—2
= — d|k||k
i~ [kl

2
! d—4 1
X /_c}cos@ sin 9k2(1 s D) (K — v pa)

(5.32)

The IR divergence originating from the limit (1 — cos#) — 0 is not regulated by the off-
shellness. Thus part of the 1/e divergences in Eq. (5.22) are of IR origin. In other words,



50
the fact that the terms logarithmic in the off-shellness in the SCETT amplitude Eq. (5.19)
are not reproducing the corresponding terms in the SCET}; amplitude Eq. (5.23) does not
imply that the IR divergences do not match between the two theories. In order to check
whether the TR divergences of the two theories match, one needs a regulator that regulates
all IR divergences in both SCET} and SCETY; .
As an alternative IR regulator one could try to use a small gluon mass. Consider the

first diagram in SCET} again, this time with a gluon mass. We find

dk 1
Ala — a2 4—d/
™ 19" Crr | Gy ok + i0][o- (ps — ) £ 0] — m2 £ 10]

2 0o

g CF Qd_2 4—d/ d—2

_— d|k||k
(27T)d_1u 0 ‘ H ’

2
! 1

X /dcos@ sin? 49 . (5.33)
1 (k2 +m?2 — v-psvVk2 + m?2) (VK2 + m? — |k|cos 6)

Again, all divergences |k| — 0 and (1 — cosf) — 0 are regulated by the gluon mass, but in

the limit |k| — oo with |k|(1 — cos ) — 0 the integrand becomes

k|44 sin?=* 0

[k[(1 = cos 0) + 33

: (5.34)

so that the term that could potentially regulate the (1 — cosf) — 0 divergence goes to zero

as |k| — oo. This is why a gluon mass cannot be used to regulate the IR of SCET.

5.3.2 A new regulator for SCET

The gluon mass is not an appropriate IR regulator for SCET because it appears in the

combination m?/|k| in the expression (5.34). Instead of using a gluon mass, consider adding

the terms 2

c 0 cPD
Lieg = —§A“77Aé‘
u)s 5 U)S ;=
ﬁgeé = —§AL) m-@A‘(‘u)s (5.35)

2An alternative regulator has been introduced in Ref. [43]. In that paper a quark mass is used in
conjunction with an “analytic” regulator, which regulates the (1 — cosf) — 0 divergence. The conclusions
about the soft-collinear mode in Ref. [40] are similar to the ones drawn here. However, we believe that a
regulator such as the one introduced here is advantageous, since it can naturally be defined at the level of
the Lagrangian, and a single dimensionful parameter regulates all IR divergences.
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to the collinear and (u)soft gluon Lagrangians. Here, P is the label operator that picks out
the large momentum label of the collinear gluon field. Both of these terms are generated
if a similar term is added to the full QCD gluon action before constructing SCET. Note

that these terms preserve the invariance of the theory under the field redefinitions given in

Eq. (5.4).

The infinitesimal, dimensionful parameter § suffices to regulate all IR divergences in

SCET, unlike the gluon mass. Following the same steps as in Eq. (5.33). We find

2C QO o)
Ala — _9VF _3d-2 4—d/ Kk||Kk|d—2
5 > @it Odl [[k]
! d—4 8
x /_C}COSH S D)0 + b — 2]k cos ) ° (5-36)
where
b= /4k2 + 62 + 4|k|d cosf . (5.37)

Obviously, the parameter ¢ regulates the divergences |k| — 0 and (1 — cosf) — 0, just
as the gluon mass did. Expanding around the limit |k| — oo with |k|(1 — cos€) — 0 the
integrand becomes

k|4*sin?= 0
|k|(1 —cos@)+6’

(5.38)

and this IR region is therefore regulated as well. Even though ¢ is enough to regulate all IR

divergences in SCET, we will keep the heavy quark off its mass-shell for later convenience.

Performing the integrals using the method above is difficult. While performing the kg
integration using the method of residues gives insight into the divergence structure of the

loop integrals, it is simpler to perform the integrals using the variables n-k and n-k instead.
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The first diagram in SCETy with this new regulator is then given by

dk 1
Ala - _iq2 4—d/
: W CrI | G ok i0]—v ks + 0-pa + 0][K2 — 07+ 10]

2 [e9)
= —%(477)1%/21“ <2 - g) ,u4_d/6dn-/<; n-k=(n-k — 5)d/2_2 (n-k — 2u-p,)¥/?72

_ aCr ) 1 200 910620 4oty (1 2P g 2P
AT e e Tpu H 0 0

20-ps 32
+2Li (1— ”p>—i]. (5.39)

0 4

Similarly, it is possible to show that the parameter ¢ regulates all IR divergences in the

second diagram, for which we find

dk n-(pe — k)
Alb = —9 2C 4—d/ c
° CER | o onk + 012 — 2k-pe + i01[k2 — 67k + 0]
aCp 2 2 2 O Pe 5 0P O Pe w2
= S +-—-1 1 —21 4——1|.(54
= LQ + -~ log 2 + log " og 2 + 5 (5.40)

The mixed UV-IR divergences cancel in the sum of the two diagrams,

Crl|1 2 n 5 on-p 6 3 6N Pe
AL = BRI S) 2 4 log? P 91022 2
J 4 | €2 + € Ogﬁ-pc+2e+ & 12 8 w2 & 2
0 —2v- 20- 2v-
—2log&+2log 1-— vDs log v'bs
1) 0
, 20-ps 11 1172
2L 1— —_ - — 41
+ 12< S >+ 9 12 :|, (5 )

and one can show that this result agrees with full QCD.

Since the regulator is in the gluon action, it is the same for SCET; and SCETy; , and the
two diagrams in SCETy; are identical to those in SCET] since the integrands are exactly

equal:
Al = AL (5.42)

Therefore, the IR divergences in SCET}; are exactly the same as those in SCET] .

While in SCET] it is possible to choose the scaling § ~ QA? such that both the contri-
butions to the collinear and the usoft gluon action are leading order in the power counting,

the same is not true in SCETy; . Choosing § ~ @QA? to make the IR regulator leading order
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in collinear gluon Lagrangian makes it suppressed by one power of A in the soft Lagrangian.
This can be understood physically, since in going from SCET} to SCETY; the typical scaling
of the (u)soft momenta remains of order Aqcp, while the off-shellness of the collinear par-
ticles is lowered. However, the IR divergence from n-k — 0 corresponds to (1 — cos ) — 0,
and the typical cutoff on (1 — cosf) is set by the collinear scales. Since n-k. < n-ks it is
natural that any cutoff x regulating the n-k; — 0 divergence will satisfy k <« n-ks. This
is not a problem, since the IR regulator does not introduce a new scale into the effective

theory.

If one insists on keeping the scaling in the soft gluon Lagrangian manifest, one is forced
to drop the regulator term. In this case, the diagram (a) in SCET} no longer includes
the IR regulator § and is therefore not regulated properly. The calculation then reduces to
the result given in Eq. (5.22). Part of the 1/e divergences in this result are from true UV
divergences, but others are due to the unregulated (1 — cos@) — 0 IR divergences, which
arise from physics at the scale n-k ~ QA%. These IR divergences can be recovered by adding
a diagram containing a gluon scaling as n-k ~ QA\?, n-k ~ Q. Requiring n-k -k ~ ki, this

is the soft collinear messenger mode introduced in [40]. The resulting diagram (c) gives

d?k 1
Alle —  _9;,2 4—d/
5 O | By on ke T 0] 2v-ps — Ak T 0]k — o7 + 0]
asCp 2 2 —20-pg 0 9 —20-ps 0 72
= -+ —-log———— —log* —— — —| . A4
4 [ Z T 2 © W 2 (5:43)
Adding all the diagrams we find
I asCrp [ 1 2 7 5 9 ON-pe 3 0N Pe —2v-pg
Ag i [6—2 Elo — C—i-i—klo 2 —ilog 5— — 2log
—2v- pg —2v- pgb 11 72
2log? [ —= ) —log? | ——— — = — 44
+Og<u>og<u2 >+2 4] (5:44)

which again reproduces the SCETT result for § < v-ps. From this discussion it follows that
the presence of the soft collinear messenger mode depends on the precise implementation
of the IR regulator in the theory. Since the definition of an effective theory should be
independent of the regulator used for an explicit calculation, one can view the soft-collinear

messenger mode as part of the IR regulator.

The term added to the gluon Lagrangian breaks gauge invariance. However, in this
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regard it is on the same footing as a gluon mass. Since the coupling of gluons to fermions
is via a conserved current, this breaking of gauge invariance is only a problem once gluon
self-interactions are taken into account. For the renormalization of operators such as the
heavy-light current considered in this chapter, this only arises at the two-loop level. In
matching calculations, the IR divergences always cancel. Hence any IR regulator, including
the one proposed here is applicable to matching calculations at any order in perturbation
theory. More care has to be taken when using this regulator to calculate operator mixing,
and in this case gauge noninvariant operators have to be included beyond one-loop order.
However, all IR regulators proposed so far for SCET break gauge invariance. The main
advantage of the new regulator is that it preserves invariance of SCET under the field

redefinition given in Eq. (5.4).

5.4 Summary

We have considered the matching of the heavy-light current in SCET; onto the correspond-
ing current in SCETY; , in particular addressing the question of whether all long distance
physics in SCETY is correctly reproduced in SCETy; . Using the off-shellness of the exter-
nal heavy and light fermions, it was argued in Ref. [40] that a new collinear—soft messenger
mode is required in SCETY; to reproduce all the long distance physics of SCET} . Regulat-
ing the IR in SCET; with an off-shellness is problematic, since the off-shellness prevents
performing the field redefinition required to decouple the usoft gluons from the collinear
particles, which allows the matching onto SCETY; easily. In this chapter we investigated
the relationship between IR regulators and the definition of SCETy; . By performing the kg
loop integral by contours and then writing the remaining integrals as d|k| d cos 6, we showed
explicitly that the off-shellness leaves the IR angular divergence (1 —cos ) — 0 unregulated
in SCETyy .

We then introduced a new regulator for SCET that regulates soft (|k| — 0) and collinear
(cosf — 1) IR divergences in both SCET} and SCETy; . This regulator modifies the gluon
action, much like a gluon mass, and thus preserves the field redefinition required to decouple
usoft gluons from collinear particles in SCET. Using this regulator, we showed explicitly
that SCETyy as formulated in Refs. [36, 38] reproduces all the IR divergences of SCET] .

We also argued that any cutoff k regulating the collinear divergence has to satisfy kr <
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n'ks. Regulating SCETy; this way therefore naturally requires keeping a formally subleading
regulator in the theory.

We also showed that a soft-collinear messenger mode is required in the definition of the
IR regulator if one insists on power counting the regulator in the same way as kinetic terms
in the action. In this case, there are unregulated IR divergences left in soft diagrams, which
are corrected by additional contributions from the soft-collinear mode.

The new regulator introduced in this chapter preserves the invariance of SCETT under
the field redefinitions (5.4), and is therefore useful in studying factorization theorems beyond

tree level.
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Chapter 6

Summing logarithms in
high-energy unstable heavy
fermion pair production

This chapter discusses high-precision predictions for the top-antitop production cross section
in electron-positron scattering at very high energies. Much of this material will appear in

Ref. [44].

6.1 Introduction

The International Linear Collider (ILC) currently being planned will provide a wealth of
precision top quark measurements. For example, a line-shape scan of the threshold top pair
production cross section, o(ete™ — ~v*, Z* — tt), should provide a measurement of the top
mass with an uncertainty of only 100 MeV. It is also interesting to consider high-energy
production of top pairs. This regime will also be explored at the ILC. In this limit there
are three relevant and widely separated scales: the center-of-mass energy, 1/s; the mass, m;
and the decay width, I'. The large width prevents the top from hadronizing before it decays
and thus acts as an infrared cutoff on the strong forces between the ¢ and the ¢. This fact
allows one to calculate the production perturbatively. But these widely separated scales
also lead to enhancements of the QCD corrections to the cross section in the form of logs
that must be summed. It is this issue we address here.

Our approach consists of several steps. First the large scale /s is integrated out by
matching the production current onto the soft-collinear theory (SCET) [33, 34, 35, 36].

The next scale below /s is m. This fixes the infrared scale so the heavy quark mass must
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be retained in the effective theory [45]. Sudakov logarithms are summed by running the
current in this theory down to the scale m. The heavy quark mass is integrated out at
the scale m by matching onto heavy quark effective theory in a boosted frame (bHQET),
where finite width effects are incorporated systematically [47]. The Wilson coefficients of
the second matching step can then be run down to the final scale, I". This procedure sums
all of the relevant logs, and the cross section can then be calculated in the bHQET to get

the final resummed result.

6.2 QCD at one loop

The cross section o(eTe™ — v*, Z* — tt) to all orders in the QCD coupling can be written

as

o0 = » (21" " (pe+pe—px) Y LEHL
X ij

H = (O OX) X1 ©]0) +i - 5) 6.)

where L%) is the leptonic tensor containing leptonic traces and gauge boson propagators,
and the state X contains a top quark/antiquark pair and any additional gluons. The sum

over i and j is a sum over the different operator contributions of the photon and Z boson.

The QCD current for top quark production appearing in the matrix elements above is
T = Pa)Tp() 6.2)

where I'}' = gZV yH + gZA’y“’yg, involves the couplings of the top quark to the photon and the
Z boson. In order to integrate out the hard scale of our process, we need to match this
production current onto the appropriate current in SCET. We start by computing matrix
elements of the current in QCD. The tree-level contribution and the one-loop correction
are computed from the graphs in Fig. 6.1 plus the wave function graphs. These diagrams
are both ultraviolet (UV) and infrared (IR) divergent despite the presence of a mass. We
will regulate the UV divergences using dimensional regularization. The IR divergences are
regulated by taking the external fermion to be off-shell p? # m?. Taking p? > m? means

the mass can be dropped from the calculation and the result is the same as for the massless
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Figure 6.1: Tree-level current (a) and the one-loop correction (b) in QCD.

case regulated with an off-shellness. Also, in this limit the calculation is the same for v, as

for v,7v5. We take this result from Ref. [48] (after correcting a few typographical errors):

_ 2
(p1,p2|3#10) = A* [1 +CF%<— lnu—é9 - 2ln2%

p? 2
2
—4ln—+ln—p—1 T )} +et., (6.3)
2 3
where p? = p? = p2 and s = (p1 +p2)?. This result includes the wave function contributions

which cancel the poles of the vertex graph, and so the counterterm is zero here. This is

because the vector current is conserved in QCD when the mass is taken to zero.

We now repeat the calculation but this time take the external fermions to be nearly

on-shell with A% = p? — m? ~ 0 to get

. O4SC'F 2
1Lp2lj#[0) = ~#[1 21?5 — 41— In 1
Grp0) = o1 S (212 S s
2 2
+ 41117”A —4+%>]. (6.4)

Here we have not written the counterterm contribution since it is zero. This calculation
is not strictly necessary for our analysis, but it will be a useful check of our results. For
instance, this result confirms that SCET with a mass reproduces the full infrared of massive

QCD. This will be demonstrated below when we include the mass in SCET.
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Figure 6.2: One-loop vertex correction in SCET.

6.3 SCET; at one loop

Next we integrate out the scale /s by matching onto SCET. The SCET current onto which
J# matches is [46]
Jscer = C(M)gn,p’Wn(x)’Yinfﬁ,p(x) ) (6.5)

with tree-level matching coefficient

C(/35) =1. (6.6)

Other operators generated by keeping the quark mass finite are suppressed by m/+/s. These
operators will need to be resummed in the next step; however, they are not needed to match

onto QCD and to sum leading logarithms.

The one-loop contributions of the SCET current can be calculated from the diagrams
in Fig. 6.2. Note we must include the mass in the calculations [45]. The loop integrals are
both UV and IR divergent. We do this calculation twice. In each case we regulate the UV
in dimensional regularization, but use a different IR regularization scheme. To start we
regulate the IR by taking the external fermions off-shell with p? > m?. The result of the

three diagrams including the wave function contributions is

" . QSCF u 2 3 2 —S

(1, p2|J§cpmrl0) = L [6—2 to— o In =z
2 2 2
9 =S 2P —p o

The counterterm is
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and the one-loop matching coefficient is

2

—S —S
3ln— —In> — — 8+ —|. 6.9
I I 6 (6.9)

C
Clu) =1+ =F

The counterterm gives the anomalous dimension for the effective theory current, which leads

to the renormalization group equation

p — C),
np) = —O‘ZiF [4ln _s“i - —|—6] . (6.10)

The solution is straightforward:

Clpo) _ (Oés(,uo)>(CF/50)(3—27”'—87T/500¢S) ( u_%) ~2Cr /Bo -

C(Vs) Qs s

where ag = s (/s), Bo = 11C4/3 — 2ns/3, and C(y/s) is given in Eq. (6.6).

We now repeat the one-loop calculation above but this time take the external particles
to be nearly on-shell: A? = p? — m? ~ 0. We do this for two reasons: first to show
that SCET}, reproduces QCD with a mass, and second because it is a convenient way to

calculate the SCET,, cross section.

The result of the one-loop vertex corrections is the sum of the collinear vertex corrections

given in the first two graphs of Fig. 6.2

asCp |4 4 2 5 2
2 2
+ 21n2%+41n%+8+ﬂ2}, (6.12)

and the ultrasoft (usoft) vertex correction

a,Crp 2 2 sp?
o = gl 2, (0
2

2 sy o
-At 2]

~— I (6.13)
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minus half the wave function renormalization graph for each fermion

Cr (1 2 2
Iw:aZWF<E+4+ln%—4ln_m—A2>. (6.14)
The total is
" aCp (2 3 2. —s
(1, p2|J5epmr|0) = P |:€_2 + s In o
—S m2 —AZ —S
—In®>— +2In’ = +4ln—In—
112 112 112 m2
2 A2 2
—i—ln% = +4+%] +et. (6.15)

Note that the infrared logarithms in this result match those in QCD where all three scales
have been kept. This is a check that SCET with a mass reproduces QCD with a mass and

confirms the correctness of SCET,, .

6.4 SCET; cross section

In the previous section, the hard scale was integrated out by matching the QCD current

onto the SCET] current of Eq. (6.5). We can now write the cross section in SCET] as:

2 o
o = |e@m| 3 entela- P, - Py, - Px) Y LA
X Xn X, u
. Lo s oY L= j
A5 = 5 (0% o 0) X X Xo) (X0 Xn Xol K 0 @0)10) + = 1) (6.16)

The physics of the hard scale is contained in the Wilson coefficient C'(Q,m) obtained by
current matching at the the hard scale @ followed by RG evolution down to the scale m, with
the result in Eq. (6.11). This RG evolution of the hard Wilson coefficient sums logarithms
of @/m. Since the SCET] current contains only collinear fields and the dynamics of the
hadronic matrix elements are now determined by the SCET; Lagrangian, the complete set
of final states involve only usoft (Xs) and collinear (X,, and X5 ) degrees of freedom. Thus,
matching the QCD current onto the SCET] current automatically ensures the final states
are restricted to pairs of collinear top quarks.

However, the sum over final states in Eq. (6.16) is still implicitly restricted by the

invariant mass constraint. We are only interested in events that have two top-quark jets
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2 ~ mI’ < m?. In this section,

each with invariant mass satisfying the constraint P)z( L
this restriction will be made manifest. We will arrive at a cross section with an unrestricted
sum over final states with the invariant mass constraints appearing as limits of integration

over appropriately defined variables. The unrestricted sum over final states will allow us to

use the optical theorem.

Furthermore the usoft-collinear decoupling property of the SCET Lagrangian will allow
us to factorize the cross section so that the top quark and antiquark are decoupled from
each other. This will be a crucial idea later on when we match the SCET cross section onto
HQET in order to sum logarithms of m/T". Combining the usoft-collinear factorization and
the optical theorem, the SCET] cross section can be brought into a simple and transparent

form.

6.4.1 Ultrasoft-collinear factorization

Even though we are dealing with an entirely perturbative process, the ideas of usoft-collinear
factorization are crucial for correctly summing the large logarithms of m/T". In SCET] the
collinear top quark and antiquark interact with each other through the exchange of usoft
gluons. In this section we use the well-known property of usoft-collinear decoupling of the
leading-order SCET} Lagrangian to decouple the top quark and antiquark from each other.
Once this is done we are left with the picture of a massive top quark moving along at
high speed oblivious to the existence of the antiquark moving in the opposite direction.
The top quark moves in the 7 direction and the antiquark moves in the 7 direction, each
interacting with A, and Aj; collinear gluons, respectively. Once we add the constraint
P)%n(ﬁ) —m? ~ mI' < m? to force the top quark and antiquark to remain close to their
mass shell, the situation looks like two distinct copies of HQET in boosted frames. We will

explore this idea in more detail in the next section.

To begin, recall that the leading-order SCET| Lagrangian decouples into collinear and

usoft parts,

EE@%ET =0+ ﬁ%(]) +£0, (6.17)
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after the field redefinitions

AL (2) — Y (@) AV ()Y a (@), (6.18)
where the Wilson lines are defined as

Y, (z) = PEXI)(/_O dsn'A(ns+:1:)) . Ya(x) = PEXp(/O dsﬁ-A(ﬁs—l—x)). (6.19)

—0o0

Since the top quark mass scales as m ~ QA\, the leading-order collinear Lagrangian terms
E%O) and E%O) include the necessary mass terms [45] for the top quark and antiquark, re-

spectively.

In the usoft-collinear decoupling we need to be careful how the final state (X, X7 X
is treated [49]. In particular if we choose the canonical approach of Egs. (6.18) and (6.19)
we must introduce a usoft Wilson line that extends from +o0o to —oo for each collinear
direction in the final state. As a result the Y}, 5(«) from the field redefinition are turned

into
Y, (z) = PEXp(/OOOds n-A(ns + x)) . Ya(z) = PEXp(/OOOds n-A(ns + :E)) . (6.20)

The hadronic matrix elements now factorize as

(X0 X X[ X0l Xm0 (0)0) = (XnXaXs[Xn.0 VAT Y xn 0@ (0)[0) (6.21)

— (XY (0)]0) (XA R (0)10) (X X\ (0)]0) T

where we have suppressed Dirac indices for clarity. From now on we will drop the (0)

superscript. The factorized SCET] cross section takes the form

o = |e@m)| X @n)teta— P, — Px, — Px) 0 Va(0) X.)(X.[F{ Vo (0)]0)
XnXnXs

x ZL ( 015 0(0)Xn) (Xa X0 (0)]0) {0170 0) | Xi) (X X 0 (OIOVYTY + )

(6.22)



64

6.4.2 Final state invariant mass constraints

So far we have managed to restrict the final states to include only usoft and collinear
degrees of freedom by matching the QCD production currents onto SCET} currents. This
has ensured that the final states correspond to high-energy top pairs produced at /s > m.
However we would like to be more restrictive and require that the two top jets have invariant

masses close to the top mass (i.e., require that the tops be nearly on-shell):

Ry — M7~ ml < m?. (6.23)
This constraint implies an implicit restriction over the sum of final states X,,, X7, and X
in Eq. (6.22). In this section we will make this constraint manifest. We will follow a series
of steps that allow us to express the cross section as an unrestricted sum over final states,
allowing us to exploit the optical theorem, with the invariant mass constraints appearing

as limits of integration over appropriately defined variables.
First we insert the identity operator
1= / d*py, d*pr d*ps 6* (pn — Px,) 8*(pn — Px,) 6*(ps — Px.) . (6.24)

We can now restrict the final state jet momenta Px,, Px,, and P, by applying constraints
on the momentum variables p,, ps, and ps;. Next we decompose the momenta into label

and residual parts:

pn:ﬁn+kna pﬁ:ﬁﬁ+kﬁa ps:k57
Px, = Px, +kx,, Px,=Px,+kx,, Px,=kx,, (6.25)

and likewise decompose delta functions into Kronecker deltas of the labels and integrals

over position of exponentials of the residual momentum:

d4l‘ 7 (k— -z
§(p— Py) =8 5 (k= Kx) =8 5 / gy o (6.26)

Using Eqgs. (6.24), (6.25), and (6.26) in the cross-section formula in Eq. (6.22), the SCET} cross
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section takes the form
2
o1 = /d4pn/d4pn/d4ps (2m)*6* (g —pn —pr —ps) D /d4a:d4yd4 (Q,m)‘
Xn X7 X
el n=Exn ) gilkn —Exn )y ilhs =Ks)2 (0| V1Y, (0)] X ) (X [V, V2 (0)|0) (627
7 Y (0)| X) (XY, Y5(0) )

513”’15)(” 5137“15)(7

ZL ( (0% (01X (X X @(0)10) 01 (0)| X (X5 R g (O) O FHTY - )

X

Note there is a sum over label momenta and an integral over residual momenta contained
in the integrals over p,, ps, and ps. We will make this explicit at a later stage. We use label
momentum conservation to replace the collinear jet momenta labels an,n in the Kronecker
deltas with the label @) of the collinear fields. Furthermore, we pull the exponentials of the
residual momenta kx, , kx,, and kx, into the respective matrix elements and translate the

fields in position space to get

o = / d'pn / d'pa / d'ps (2m)* 0" (g —pn—Pa —Ps) D / d'zd'yd'z

XnXnXs
2 . . . 1~ o~
X |C@Qum)| ettty ods, OV ()| X)X, VIV (0)[0) (6.28)
x ZL 2 (1078, 0@ X0) (X 0)10) (010, 00) X)X o OOV YT i = )

At this point there is no longer an explicit dependence on the final state jet momenta. How-
ever, we can restrict the final state jet momenta by applying constraints to the momentum
variables p,, pp, and ps introduced in Eq. (6.24). We make explicit the invariant mass

condition of Eq. (6.23) in the collinear sectors by inserting the identity operator
1= /dsn5(p —m?—s, /dsn —m? - S7) (6.29)
and restricting the range of integration for the variables s, and sj to
—mI < sp, 57 S ml. (6.30)

This forces the final collinear states X,, and Xj; to have the appropriate invariant mass
for the system we are considering. In this manner we have expressed the invariant mass

constraint on the top jets by imposing limits on the range of integration of the variables



66
sy and s;. In the end we will have a differential cross section in these variables, and our

expression for it will only be valid in the range specified in Eq. (6.30).

6.4.3 Specifying jet momenta and SCET; jet functions

Next we need to define the jet momenta relative to an appropriate coordinate system. As
before, we can do this by specifying the momentum components of the variables p,,, ps, and
ps because of Eq. (6.24). It is convenient to align one of the collinear momenta with the
vector 7 = (0,0, —1) [50]. If we choose to do this for p,, we must have p;> = k;- = 0. Since

p2 — m? = s, there is no other constraint and we get

pn = Q+k,, pr=0, =k,
o= Q+ki, py=pw+ky, =k, (6.31)
ps = ki, py = ki, p =kt

The SCET] power counting for the residual momenta is k,, ~ ki ~ ks ~ QA2 ~ m?/Q,

which allows us to write
04(a—pn—Dr—Ds) = 20 ;500 5+ 05 51 0(ky + ki +k)O(k) + ki + k)0 (ki + k). (6.32)

Furthermore, with the coordinate choice in Eq. (6.31), the phase space integrals are de-

composed into sums over label momenta and integrals over residual momenta just as in

Ref. [50]:

1 1
4 4 4 + g1.— + 71.— 271 4
/d Pn /d Pn /d Ps = 3 Z /dkndkn 5 E,; /dkndknd ki /d ks. (6.33)
Pn n
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Using Eqgs. (6.29), (6.31), (6.32) and (6.33) in the cross-section formula in Eq. (6.28), we

obtain

o = (2m* > /dsndsn/d‘% (2m)* /d4xd4yd4ze’k 0|V Y, (2)| X ) (X V¥ (0)]0)
XnXnXs

X

o@.m)[ Bxp(S ks +

sn+m } + an—l—m a:_)

Q
m? + Sn. _ 1 S7 + m? .
o T ke y1) (6.34)

ZL ( (01X ()] X)X X @ )1 OVO1 ()] X (X X @ (O O)TUTY + i < )

X

Exp<_—z{k‘;' +

X

Note the sum over final states is now unrestricted, with all final state constraints appearing

implicitly as limits over the s, and sz variables. Next we define jet functions

5 0% g X (KalxnaO0) = i [ T
£ Xn,Q\T n n|Xn,Q = (27‘(’)46 n,Q\"n 9
. dry _ipta-
= b)) h [ G g o),
d47’ﬁ

S 00X} (Xalxn@(O)0) = i / e " alri)

Xn

“)02(y1) 77[/ TR oAV o). (6.35)

Since the sums over final states are no longer restricted and are therefore complete, the jet

functions are related to the discontinuity of the forward amplitude across the real axis:

Ina(r) = B3 [t 0%, @) X0 (Xa a0 010
Xn

= /d4xe""'x Disc (0| T{X,, o(z )ﬂXn @(0)}0),

Tnalrs) = B30 [t e 0 ) ) (X en @ 010
X7
= [ e D O[T (R ) n (1) (6.36)

Substituting these expressions into Eq. (6.34) gives

o1 (Tr [Zr’;zrg] Ve j) % (C(Q, m)(2 /dsn dsndn.o(sn +m2)Jno(ss +m?) (6.37)
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where we have used

4 ‘ o o
/(d%k;z/d4zelks-zZ<0\YJYn(Z)\Xs>(XSIY,JYH(O)\0>

Xs
_/dk:

/ 2 00 (2) (0|71 ¥, (2) V174 (0)]0)

s 4 iks-z YR, TV
. /d z etk 2 (0| VY, (2)Y,] Y7 (0)|0)

= (0¥ Y5 (0 )17 n(0)]0)

=1. (6.38)

The SCET] cross section in Eq. (6.37) is the main result of this section. It is given in terms
of two decoupled jet functions, J, and Jj, describing the dynamics of the top quark and
antiquark moving in the 7 and 7 directions, respectively. As mentioned before and to be
described in detail later, each of these jet functions will be matched onto a distinct copy of

HQET in a boosted frame.

6.4.4 Computing SCET; jet functions

The jet functions J,, and Jg, defined in Eq. (6.36) and appearing in the SCET] cross section
in Eq. (6.37), can be calculated perturbatively in the strong coupling as(m). In this section
we give the tree-level and one-loop expressions for the jet functions. It is convenient to work

with the dimensionless variables y,, and yz defined as

Sn Sq
1—yn=W, 1—%7:@- (6.39)
From Eq. (6.36), the tree-level jet funtions are simply given by the discontinuity of the

collinear propagator:

Q

Toee Q) = 2m-S5(1—y), (6.40)

At one loop, the jet functions are given by the discontiniuities of the diagrams shown in

Fig. 6.3. The result is the collinear quark propagator times V. given in Eq. (6.12) plus the
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Figure 6.3: Forward scattering amplitudes.

collinear quark propagator times I, given in Eq. (6.14).

_ 2
0 Sy 1) = or & 0sCr [8<ln(l y)> + < — % + 4ln% + 4> %
J’_

m2 4m 1—y 1—9y)y
4 5 4 m? o m? m? 72

It should be understood that in computing the cross section in SCETy , the right-hand
side of Eq. (6.41) must be evaluated at ;1 = m for the cross section to be scale invariant.
This is because we ran the SCET} operator Jé‘CET in Eq. (6.5) between the scales @) and
m before factorizing the cross section into soft and collinear sectors. However, we keep the
1 dependence explicit for the purposes of matching onto HQET, the effective theory below
m, in the next section. The need for this matching is now apparent from Eq. (6.41) which
involves large logarithms of 1 — y, 5 = snﬁ/m2 ~ I'/m. These large logarithms of the
width will be summed by the RG running of the corresponding HQET jet functions after

the matching is performed.

In arriving at Egs. (6.40) and (6.41), we made use of the well-known identities

i1
Disc—-—— = §(1—
1862771—y—|—ie d v,
. i In(y — 1 —de) 1
Disc W =27 Wg0y =
S 1=yt O 1—y)5
. i In®(y — 1 —ie) 2 2In(1 — y)
Diseg == 0) = 300 —u)+ |Z3 (6.42)

In the calculation of the jet functions we were able to insert by hand the necessary step
functions 6(y) appearing on the LHS of the last two identities by noting from Eq. (6.39) that

the variables y, and yz must be greater than zero. This is evident from the phase space
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restrictions |s,/m?|, |sz/m?| ~ T'/m < 1. Furthermore, there exists an implicit upper
bound y,,ys < 1 in the identities above. This follows from the fact that for y,,ysz > 1,
the discontinuities are trivially zero. There is no contribution to the cross section from this
region of phase space. The relevant region of phase space can now be characterized in terms

of the range of the dimensionless variables y,, and y7 as

1 — < gun <L (6.43)

3+

It is convenient to introduce the dimensionless jet functions K, ») defined as

m2
Knay(y, p) = ) )@Y, 1) (6.44)

In terms of these dimensionless variables, the SCET] cross section takes the form

6 = %(Tr[gfﬁ‘gfg] +i<—>j>\C(Q,u)|2Q2 /dyndynKn(ymu)Kn(ymu),(6-45)

where the range of integration is restricted as shown in Eq. (6.43) and we have kept the

scale dependence of the hard Wilson coefficient and the jet functions manifest.

6.5 Boosted HQET

Using factorization in SCET , we have decoupled the top quark and antiquark and can now
treat them separately. Our goal is to describe the production of heavy unstable fermions
experiencing small momentum fluctuations about their mass shell of order their decay width.

We quantify this condition by requiring that the top quark and antiquark each satisfy
p? —m? ~ml < m? (6.46)

This invariant mass constraint is identical to that on the virtuality of a heavy quark of mass

m described in HQET:

p?—m?~2mu- k< m?, (6.47)
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where the heavy quark momentum is decomposed according to
p* = mot + kP (6.48)

HQET is usually applied in the context of bottom and charm hadrons (m = my, m.) and
k ~v-k ~ Agcp corresponding to the typical momentum of soft gluons in a hadron of size
1/Agcp. The theory and its predictions are then formulated as an expansion in powers of

Agep/myc.

Our situation is similar with the identification Agcp — I'. In addition, we are in a
frame in which the quarks are highly boosted. In the rest frame of the top quarks, the
soft gluons of HQET have the scaling k# ~ (I',T',T"). In the boosted frame the soft gluons
acquire a collinear momentum scaling. Similarly, the velocity labels of the top quarks are
also boosted. Thus, after the scale m is integrated out, the decoupled evolution of the
top quark and antiquark is given by two distinct copies of boosted HQET in the 7 and

directions, respectively:

,1¢>, (6.49)

This picture suggests matching the SCET] jet functions K, 7 (yn, i) onto the corresponding
boosted HQET jet functions J,

n,Un "

The HQET cross section is given by Eq. (6.45) after matching the SCET] jet functions
Ky 7 (yn, 1) onto the corresponding jet functions in boosted HQET. The jet functions in
boosted HQET are given by

Jou(17) = / d'z """ Disc (0T {h, ()W (x) W, (0)hy, (0)}0) ,
T (r2) = / a2 ¢ Disc (O[T (i, (2)Wa ()W (0, (0)}[0).  (650)
These bHQET jet functions can be calculated using the usual Feynman rules of HQET

except that the gluons have collinear scaling as in Eq. (6.49). The Wilson lines in the jet

functions above contain these bHQET gluons. The tree-level and one-loop results for the
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jet functions J,,, ., are

Tonon(y) = % 2m6(1 —y), (6.51)
2 s In(1 — 4 2 1
Wunun(y) = — 2wa4§F H Igi - yi)L + (— - +4ln% +4>m
+ <§2—%—%lnf—;+lnzf—§+2lnf—j—%2>5(1—y)]. (6.52)
Once again we define dimensionless jet functions:
K (v 0m) (45 1) = % Swnwm).@ (Y5 1)- (6.53)

The equations for matching the SCETy jet functions K, » onto the bHQET jet functions

Ky, vs) are given by

Knn(y,p) = /dx Clnn) (Y, T, 1) Ky, 00) (T 1) (6.54)

The final cross section can now be written as

or = Y(ofhrtis] vives) L

/dyn /dxn Cn(ymxn§m7N)Kvn(xn§maﬂ)

X

X

/dyn /d:nﬁ Crn(yn, Tnym, p) Ky, (xp;m, ). (6.55)

The Wilson coefficients of matching the SCET} jet functions onto the bHQET jet functions

in Eq. (6.54) are given by

asCp [ om? m? 2
Clny (T, y, ) = [1 + P <ln Tz 3 1n? + 12+ r o(x —y). (6.56)

Note that the logs are zero at the matching scale: © = m. This is an important check of our
results. The evolution of the Wilson coefficients C),  below m is given by the anomalous

dimension of the jet functions K, .,)(y)

d
u@Cn,n(:v,z,u) = /dva(Un,vn)(:v,y,u)Cn,n(%z,u), (6.57)
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where the anomalous dimension is

a,C m?
VE (o) (Y5 1) = 47TF [(4 "o+ 4) oy —x) — me(y — ). (6.58)

We can use the renormalization group equations to run the Wilson coefficients down to
the scale u ~ T" and in the process sum logs of m/I". We do this by taking moments of

Eq. (6.57). First, define the Nth moment:
1
MulfG)) = [ de2¥ A, (6.59)
0
This turns Eq. (6.57) into the diagonal form
d
M@Cn,ﬁ(N, 1) = v (N, ) Cna(N, 1), (6.60)
where the Nth moment of the jet function anomalous dimension is

1
(N, p) = /OdzzN‘lv(z,u)
- _O‘fF [1—2111 (%)] (6.61)

for large N. Taking large moments is appropriate here, since our effective field theory

methodology is valid for small I', or values of y near 1, and this is the region of y corre-

sponding to large N. This equation can be solved by standard means to give

2C .
ozs(m/N)] 5 (14 5y —2nn) N e (6.62)

Cra(N, =) =Cpa(N,m) [ .01

Eq. (6.62) demonstrates the correct resummation of logs of I'/m in the Wilson coefficient,
since for large N we have 1/N ~ I'/m. Given the RGE solution for the Nth moment, the
inverse Mellin transform can be performed to go from moment space back to y space, but

this computation is beyond the scope of this work [51]. Here we will simply calculate the
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large- N moments of the cross section in Eq. (6.55). For these we get

1 1 d20 1 ¢A 77£A Q6
N-1 Sgh-1 772 o Loulpvl Lo j) 22 2
/Odynyn /Odynyn Tyodyn Z(Tr[ZFZ 2F]} +1 <—>]) 3 ‘C(Q,mﬂ
X Cp(N; p) Ky, (N; 1)
X Cp(Nip) Ko, (N3 ) - (6.63)

We have just derived the resummed versions of the Wilson coefficients C), . Now we must
derive an expression for the moments of the bHQET jet functions. Since we are only
summing leading logs in this analysis, it will be sufficient to calculate these moments at
tree level. At this point we can also add the width to the jet functions, so that we reproduce
the standard Breit-Wigner form. Adding the top width to the jet functions K, ), we get

T'/m
1—y)2+T2/m?

tree

K(vn,vn) (ya m, M) = (

(6.64)
Note that this reduces to a delta function in the I' — 0 limit as required. Large N moments
of this expression are simply

1
T'/m m
Kiee \(Nsp) = [ dyy™ ~T -
(o) (N 14 /oyy 1—y)2+12/m?  NT

(6.65)

Note that this expression is order one.
The analysis is now complete. We have an expression for moments of the cross section in
the limit corresponding to y, » ~ 1. The leading logs have been summed and are contained

in the coefficient functions.

6.6 Summary

This chapter has explored the application of SCET to top-antitop production at high energy
in an eTe” environment. The focus was on summing logarithms of the three relevant scales
in the problem: /s, m;, and I'y. These logarithms occur in the calculation of distributions
that are not fully inclusive. This may be necessary in the process we are considering or
in a process involving as-yet-undiscovered heavy particles because experimenters will want
to know the cross section in a very specific region in order to study the particle properties

closely.
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Our analysis consisted of four basic parts: matching QCD currents onto SCET currents
at the large scale /s, running the currents down to the lower scale m;, matching the SCET
jet functions onto boosted HQET jet functions at the scale m;, and then running the jet
functions down to the low scale I';. Because the high-energy degrees of freedom are properly

integrated out at each stage, this process correctly sums the logs of the three scales.
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Chapter 7

Testing jet definitions in SCET

This chapter discusses the applicability of soft-collinear effective theory to jet physics. That
is, what are the correct definitions of jets in the SCET framework. Part of this chapter

appeared in Ref. [52].

7.1 The problem of defining jets in SCET

Many processes at high-energy colliders require reliable calculations of differential distribu-
tions of kinematic variables defined through the momenta of isolated jets in the detector.
One example is the measurement of masses of the gauge bosons in hadronic decays, which
require the invariant mass distribution of a pair of jets. Recently it was shown [53, 50] that
factorization formulas can be derived for such observables using the soft-collinear effective
theory (SCET) [33, 34, 35, 36]. An example is the differential jet energy distribution in the
decay of a Z boson to two light quarks, which close to the endpoint of maximal jet energy
is predicted at tree level to be [53]

j—];] =103, - ) (7.1)
where I'?) is the total decay rate at tree level, which can be calculated reliably using quark-
hadron duality and the operator product expanision (OPE). The functional dependence on

the jet energy is contained in the nonperturbative function

S(k) = Nic <0‘ 7y (k + 2 a> VoY,

o> : (7.2)
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which is defined as the vacuum matrix element of a nonlocal operator containing Wilson

lines

oo
Y, (z) = Pexp [zg/ dsn-Ayu(ns+2)| . (7.3)
0
The above calculation of the jet energy distribution requires two crucial assumptions:

1. One needs to factor the final state into a collinear jet and a remaining purely ultrasoft

piece, where the ultrasoft piece satisfies the completeness relation

‘X> = ‘jet> ’XuS> ) Z ’Xus> (Xus’ =1. (7.4)
Xus

2. The momentum of the jet is required to be equal to the total momentum of all collinear

partons in the same direction as the hadronic jet

P = pi,. (7.5)

One can question both of these assumptions, since the total collinear partonic system in
each light like direction is in a color-triplet configuration, while the final hadronic jet is of
course color singlet. Thus, color needs to be redistributed between the two collinear systems
in order to form the final hadronic system observed experimentally. This implies that the
factorization of the final state in Eq. 7.4 is only unambiguously defined at the partonic level,
and that the color recombination should move some momentum between the collinear and
the remaining soft physics, such that Eq. 7.5 is violated at some level. The assumption
made in [53, 50] is that the summation over hadronic and partonic states are equivalent,
such that neither of the two assumptions affect the decay rate at order Aqcp/mz.

To understand in more detail whether these assumptions are correct requires a detailed
understanding of how energetic partons hadronize and form the observed jets, and how the
color gets redistributed between the two jets. Unfortunately this is not feasible with our
current understanding of QCD. The best way to gain insight into this question is therefore
to test experimentally whether predictions made under the above assumptions are correct.
In this chapter we derive an expression for the jet PT distribution in the semileptonic
or radiative decays of a heavy meson, under the assumption explained above. The jet is

defined as before using a particular algorithm, and for simplicity we restrict ourselves to
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the Sterman-Weinberg jet definition [54]. We find that the jet PT spectrum is directly
related to differential distributions in leptonic variables, which can be calculated reliably
using the well-known twist expansion. We begin by showing this relation at tree level, using
simple kinematical arguments. We then extend this argument by calculating the leading
perturbative corrections. This relation will be no surprise to those acquainted with the P+
distribution used in determining |V,| [55, 56]. It is well known that that distribution is
related to the photon energy spectrum [55, 51]. There is a big difference, however, between
the P distribution and our jet P distribution. For our distribution, we have separated the
jet momenta from the ultrasoft momenta, based on a jet definition. The PT distribution,
on the other hand, considers the sum of these two contributions. That is, the total final

state momentum after subtracting off the photon or lepton momentum, as the case may be.

7.2 Review of radiative and semileptonic B decay in SCET

The currents describing the currents b — ufv and b — sy are

o 1 = (e}
J(S) — %SPRU &) qs,
J(o;) = ﬂPR’}/a b,

respectively. To describe the processes in the shape function region, where the hadronic final
state has small invariant mass and large energy, we match these currents onto operators in

SCET:

58 = XV, Pryrb,
BT = XY, Prby, (7.6)

where the matching coefficients are given in Eqs. (8) and (9) of [57]. The collinear fields

XSLO) include the collinear Wilson line W,, and are related to the standard collinear fields

through the usual field redefinition [35] x,, — nXﬁ?’ and have no interactions with ultrasoft
fields at leading order in the SCET Lagrangian. Choosing the assignments of momenta as

illustrated in Fig 7.1, the fact that the collinear quark is massless gives the relation

0~ mj —2myv - g+ 2(mpv — q) - (k= 1), (7.7)



Figure 7.1: Kinematics of the current in the effective theory. The heavy quark b, has
momentum myv + k, the gauge boson has ¢ and the total momentum of the usoft Wilson
line Y, is .

where we have dropped terms of order A?QCD. Thus, for the process B — X, the photon
energy spectrum is given by the expectation value (k™ — 1), which is given by the well-

known shape function.

The kinematics of this process are shown in Fig. 7.1. There are two momenta of order
Aqcp. The first is the residual momentum £, which describes classically the small recoil of
the heavy b quark inside a B meson at rest. The second is the momentum [, which gives

the total momentum which the energetic light quark loses to soft radiation.

7.3 Standard observables

We begin by reviewing the derivation of the inclusive observables, which can be defined
purely from leptonic kinematics. These calculations are known to one-loop order in the
QCD coupling constant and are now usually done in the framework of SCET. We will
follow closely the discussion in [57]. All strong interaction effects for the inclusive B decays

studied here can be encoded in the hadronic tensor

1

WP = — “Im T
7T )

where

)

o8 _ _i/d4xe—iq~x<B‘T{J(TJ?)(@J@)(O)”B>
2mp
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and J&) and J(O;) are the quark currents mediating the b — uwfv and b — s7 transition,

respectively,

(0% 1 = (0%
J(S) = %SPRU ﬁb qﬁ,

The most general tensor structure possible for W2 is

W = —g*Wy 4+ 0P W, + ieaﬁp”quUWy)

+WWW%+@%W+WW)W5 (7.8)

and the W/s are different for b — ulv and b — sy transition.

The inclusive differential decay rates for the decays B — Xyv and B — X, fv are

dPS s S S S
do. = 2me(() )xw [4W1( ) _ W2( ) _ Ty My, Ws( )} ,
dr (u) 291 (u)
— = 12 I 2(1 — W
day dz dp? ma T 20124 )W

(u)

+(Ze(2 — Tg) — P*)W,

4m%u—z+ﬁ%@—2@w%“} (7.9)

where

2
G2 [V Vis | o |5

P(S) —

0 3274 ’
o G2 | Vip)* m

0 19273 7

and we have defined the dimensionless variables

2E, 2E, 9 p? 20-p
x’y = Ty = —, p=— z= )
my my my my

and Ty = 1 — zy. c%ff is the coefficient of the b — s+ operator Oy in the weak Hamiltonian

at the scale p;. At next-to-leading order c7(my) = —0.311 [58].
)

To obtain expressions for the scalar functions Wi(f involves three steps: (1) Match from

QCD to SCET currents at g3 ~ myp. (2) Run from p; to pe using the SCET anomalous



81

dimension. (3) Integrate out the final hadronic states at po ~ /mpAqcp by computing

the time-ordered product of currents, and match onto bilocal operators. All these three

steps have been carried out in sections V.A-V.C of Ref. [57] and we refer the reader to this

reference for all details of the calculation. Here we will only give the final result for the

functions W), For the decay B — X, /v one finds

i

L CEBIVENIB)
1 T a0
4 2mp
_ N 2 +
w) n-p—1 o (Co G| (BIWE')B)
Lo _ L, (BWGIB)
3 2mpn - P ! 2mp ’
) 1 2 2 <B|W(p+)|B>
W4 mg(ﬁ . )2 (C2 Cl) 2mB )
u) 1 2 - 2
1A TRCE [01(2 7 p) — 202
BW(p")|B
—Cgan-ﬁ}< VeI B) (7.10)
2mB
For the decay B — X7 one finds
W Ci (BW(*)| B)
1 4 2mp ’
wi =0, )
e _ Ci(BWENIB)
3 2mb 2mB ’
(s) 1 2 2 <B|W(p+)|B>
W = (2 —ac2) 2P P
: 4m§( s —ci) 2mp
2 /B | B
« _ Ci(BIWEIB)
W = g (7.11)
The matrix element <B IW(p™)] B> is given by
(BIW0)| By, = [ drtClo =m0 ), (712)

where the function f(r) is a nonperturbative distribution function, which physically gives

the probability of finding a b quark with lightlike momentum 77 inside the B meson. It is
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defined by

fort p) = % /_Ooalu_e_i“T+ (B by (0)Y (0,4 )by(u™)| B) |- (7.13)

The coefficient C is the jet function, which can be calculated using perturbation theory at

the scale po ~ /mpAqcp. To order oy it is given by

ClgT p) = 5(q+)+wc(”(q+,u),

4m
COGt ) = 4 [hﬂ(q*/;i) 9((1*)]
"
+[4m "MP 3] [9(;:)]”
+ [2 In? nl;p —3In n/-ip +7— 772} 5(q™). (7.14)

7.4 Jet P distribution

Next, we calculate the jet PT distribution. The calculation can be divided into the same
three steps as for the calculation of the fully inclusive observables. Furthermore, the steps
(1) and (2), the matching from QCD onto SCET and the running of the SCET currents,
are the same as before, so we again obtain the results given in Egs. (7.10) and (7.11),
albeit with a different expression for the matrix element <B W(p™)| B>. For the jet P+
distribution, this matrix element depends on the precise definition of the jet. There are
several jet definitions available [59], and in this chapter we restrict ourselves to the original
definition by Sterman and Weinberg (SW) [54]. While this definition has some problems
when multiple jets are present [59], it is simplest to use theoretically and will suffice for the
work presented here. Defining a SW jet requires specifying a cone angle § and an energy
cut BFEmax, where En . is the maximum hadronic energy allowed in the process. In the
work considered here, we want events with a single jet in the final state, thus we require all
particles with energy above BFE.x to lie within the cone angle §. The combination of all
the particles within the cone angle are called the jet, and the jet P* is thus the sum of the
pT momentum components of all the particles within the cone angle 4.

Under the two assumptions mentioned at the beginning of this letter, we find that the

matrix element (B |W(p™)| B) is given by an expression very similar to the one in the fully
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inclusive case

(B[W(p")| B),, = /d“D(p* —rt ) frt ) (7.15)

where f(r*,u) is the same nonperturbative distribution function as before. To see this,
we go back to the original definition of the matrix element of WW. For this calculation, we
will restrict ourselves to the radiative B decay case, although it is straightforward (but
more tedious with more particles in the final state) to do the leptonic decay as well. Our

derivation follows the derivation for Z decay in Ref. [50] closely.

We start with the definition of the B meson differential decay rate. Somewhat schemat-

ically we have

1 _ o\ |2 44
dl = — Xy |[XnTH € b, B)|” (2m)*6 —py—q-—1), 1
QmBﬁZn;ﬂW |l esbo(0)]| BY| (27)46% (p5 — ps —q — 1) (7.16)
where € is the polarization vector of the photon and the sum over final states includes all
the phase space integrals. As usual, we perform the following field redefinitions to decouple

soft and collinear degrees of freedom:

& — Y&, (7.17)
A, — YIAY,. (7.18)

This allows us to factorize the matrix element and make the dubious assumption. We split
the final state into a jet final state and an ultrasoft final state containing any additional
QCD radiation that occurs beyond leading order in perturbation theory. We need to insert
a delta function into our decay rate expression to specify the distribution we are considering.

Since we are looking at the jet PT distribution, we insert the following:
8(Pf —n-py) =68(Pf —ph+q" +17), (7.19)

where we have used the momentum-conserving delta function in the decay rate above. For
now choose coordinates such that the photon momentum is along the n lightlike vector.
This implies that

q" =mpz, (7.20)
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where x is defined to be the photon energy fraction in units of mp/2. With all of these

definitions, our expression for the differential decay rate becomes

ar - 3MOp2
Py 32mmp

><<B(k)

> s [Pf—mp(l—a)— (k" —1")]
Xu

Yn<o>'xu<z>><xu<z>

YJ(O)'B(k:)> . (7.21)

We have labeled the B states with the residual momentum k instead of the full b quark
momentum because we are thinking of this calculation in HQET, where the large part of
the momentum has been removed and is no longer dynamical. Therefore the momentum

operator acting on these states gives the residual momentum rather than the total.

In order to do the sum over ultrasoft states, we must remove the [T momentum from

the delta function. We do this in the standard way by writing the delta function as

du~ . _
5 [P —mp(l—x) — (k+ —17)] = / Sexp [i (Pf = ms(1—2) - (k= 1")) "] .
(7.22)
We can now use this expression to translate the starting position of the second Wilson line

and then do the sum over ultrasoft states. The result is

dr

1P " rOf(Pf —mp(l —2)), (7.23)

where the shape function f is given in Eq. (7.13). Our result above is a product of the
perturbative part and the shape function because we have done the perturbative part only
at leading order. Extending the perturbative calculation beyond leading order shows that
the real expression for the differential decay rate is a convolution of these two parts, and

therefore the expression for the matrix element we want is simply given by Eq. (7.15).

It remains only to calculate the distribution D in Eq. (7.15). This is a straightforward
calculation now that all the notation is in place. For this calculation we follow the example

of Appendix B of Ref. [50].



85

We find
as(w)C
D(g"p) = d(g") - %D“)(Qﬂu),
p? 52
D(l)(q+, IS 5(q+) (21n—2 - ln2ﬁ2 + 3ln62 + 3lnz
my,

2
+ 21nﬁ21n(5Z + 27?2 — 5>

4

1 0(5%/2 — 2P} /my)0(P}) [Pijln (%ﬂ - (7.24)
With both perturbative results in hand, the two distributions can be compared. Different
moments of the two matrix elements will be easiest to compare. Since the standard lep-
tonic and photonic distributions are well studied, any discrepancies will probably be due
to unknown features of the jet P distribution. This is precisely the information we are
interested in. Good measurements of these moments will be an excellent consistency check

on the procedures in the SCET jet P' distribution derivation.

7.5 Summary

This chapter has explored possible difficulties with defining jets in SCET. The philosophy
taken here has been to proceed naively in SCET and then construct an observable that
can be compared with well-known results. This way we avoid the considerable difficulty of
trying to prove SCET jet definitions from first-principles QCD. The assumptions required
in the procedure of defining the SCET jets can then be checked with experimental results.

The first section of this chapter illustrated the problem. Typically, SCET applications
to jet physics must factorize a final state into separate collinear and ultrasoft states. At
first glance it is not clear whether this is a reasonable thing to do. Surely at some stage
hadronization occurs and color must be rearranged between the supposedly separate states.
They cannot really be physical states in their own right.

The second and third sections then reprised the derivation of the standard leptonic and
photonic distributions for comparison. These distributions are widely used and well-tested
in B decays. Results based on them are on firm ground and can serve as a benchmark for
testing the SCET jet assumptions. The fourth section then computed the corresponding

distributions in jet P* momentum for B decays. Since the nonperturbative parts are the
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same, moments of each distribution can be taken and compared with experiment. Any

discrepancies will answer some of our questions about the SCET jet procedure.
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Chapter 8

Conclusions

This thesis has shown several applications of effective theories involving heavy particles.
The first main chapter has presented order «g corrections to two new sum rules derived
in Refs. [12, 13, 14] in the context of HQET. Section 3.2 repeated the tree-level derivation
of a generic sum rule depending on three velocity transfer variables and included one-loop
corrections. Section 3.3 studied the axial vector and vector sum rules that result from
choosing specific currents in the generic equation. These led to ags-corrected versions of the
sum rules of Le Yaouanc et al. for the curvature of the Isgur-Wise function. There were
no corrections suppressed by the heavy quark masses because the infinite-mass limit was
used. Section 3.4 translated these HQET bounds into bounds on physical form factors by
including perturbative and finite-mass corrections associated with matching HQET onto
the full theory. Numerical estimates were given and compared with experimental values
and dispersive constraints. The bounds produced here are less powerful than dispersive
constraints but may provide an important check on those constraints.

We have also considered the matching of the heavy-light current in SCET} onto the
corresponding current in SCETyy , in particular addressing the question whether all long-
distance physics in SCET} is correctly reproduced in SCETy; . Using the off-shellness of
the external heavy and light fermions, it was argued in Ref. [40] that a new collinear—
soft messenger mode is required in SCETy to reproduce all the long-distance physics of
SCET; . Regulating the IR in SCETy; with an off-shellness is problematic, since the off-
shellness prevents performing the field redefinition required to decouple the usoft gluons
from the collinear particles, which allows the matching onto SCETy easily. In this chapter
we investigated the relationship between IR regulators and the definition of SCET; . By

performing the kg loop integral by contours and then writing the remaining integrals as
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d|k|dcos @, we showed explicitly that the off-shellness leaves the IR angular divergence
(1 — cosf) — 0 unregulated in SCETyy .

We then introduced a new regulator for SCET that regulates soft (|k| — 0) and collinear
(cosf — 1) IR divergences in both SCET} and SCETy; . This regulator modifies the gluon
action, much like a gluon mass, and thus preserves the field redefinition required to decouple
usoft gluons from collinear particles in SCET. Using this regulator, we showed explicitly
that SCETyy as formulated in Refs. [36, 38] reproduces all the IR divergences of SCET] .
We also argued that any cutoff k regulating the collinear divergence has to satisfy x <
n'ks. Regulating SCETy; this way therefore naturally requires keeping a formally subleading
regulator in the theory.

We also showed that a soft—collinear messenger mode is required in the definition of the
IR regulator if one insists on power counting the regulator in the same way as kinetic terms
in the action. In this case, there are unregulated IR divergences left in soft diagrams, which
are corrected by additional contributions from the soft-collinear mode.

The new regulator introduced in this chapter preserves the invariance of SCETT under
the field redefinitions (5.4), and is therefore useful in studying factorization theorems beyond
tree level.

The fifth chapter explored the application of SCET to top-antitop production at high
energy in an ete” environment. The focus was on summing logarithms of the three rele-
vant scales in the problem: /s, my, and T';. These logarithms occur in the calculation of
distributions that are not fully inclusive. This may be necessary in the process we are con-
sidering or in a process involving as-yet-undiscovered heavy particles because experimenters
will want to know the cross section in a very specific region in order to study the particle
properties closely.

Our analysis consisted of four basic parts: matching QCD currents onto SCET currents
at the large scale /s, running the currents down to the lower scale m;, matching the SCET
jet functions onto boosted HQET jet functions at the scale m;, and then running the jet
functions down to the low scale I';. Because the high-energy degrees of freedom are properly
integrated out at each stage, this process correctly sums the logs of the three scales.

The sixth chapter explored possible difficulties with defining jets in SCET. The philoso-
phy taken here has been to proceed naively in SCET and then construct an observable that

can be compared with well-known results. This way we avoid the considerable difficulty of
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trying to prove SCET jet definitions from first-principles QCD.

The first section of this chapter illustrated the problem. Typically, SCET applications to
jet physics must factor a final state into separate collinear and ultrasoft states. A first glance
it is not clear whether this is a reasonable thing to do. Surely at some stage hadronization
occurs and color must be rearranged between the supposedly separate states. They cannot
really be physical states in their own right.

The second and third sections then reprised the derivation of the standard leptonic and
photonic distributions for comparison. The fourth section then computed the corresponding
distribution in jet P™ momentum for B decays. Since the nonperturbative parts are the
same, moments of each distribution can be taken and compared with experiment. Any
discrepancies will answer some of our questions about the SCET jet procedure. This analysis

is left to a subsequent publication.
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