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Abstract

In this dissertation, we obtain the renormalization group improved expressions of the
Wilson coefficients associated to the O(1/m?) HQET Lagrangian operators with leading-
logarithmic (LL) approximation, in the Coulomb gauge. The Wilson coefficients include
the heavy quark chromopolarizabilities. The analysis incorporates the effects induced by
spectator quarks, which are considered to be massless. Special attention is paid to gauge
independent combinations of Wilson coefficients.

The previous results are applied to pNRQCD at the weak coupling regime obtaining
the renormalization group improved O(a?/m?) and O(a/m?*) spin-independent potentials
in the off-shell Coulomb gauge matching scheme. The O(a?/m?) potential is also com-
puted, but in the off-shell Feynman gauge matching scheme, up to missing contributions
proportional to ¢, dgss and d,.

Such potentials are necessary to obtain the next-to-leading-logarithmic (NLL) potential
and soft running of the Wilson coefficient f)f) associated to the spin-independent delta-
like potential, which we also compute The obtained result is complete up to missing
contributions proportional to ¢z, dgs, d,s and é’fl (ONLL of the NLL soft running. The first
three are expected to be of the order of the computed contribution to the soft running,
whereas the latter is of O(Tynyma®In ), which is expected to be numerically subleading
compared to the other contributions. The NLL ultrasoft running is also incorporated, as
well as a contribution to the potential running of ultrasoft origin. The scheme independence
of the potential renormalization group equatlon is explored via field redefinitions.

Presently, obtaining the NLL running of D %) is the missing link to obtain the complete
next-to-next-to-next-to-leading-logarithmic (N3LL) pNRQCD Lagrangian. That is the nec-
essary precision to obtain the spin-average (spin-independent part) heavy quarkonium spec-
trum relevant for S-wave (zero angular momentum) states with N°LL (O(ma®*" In" o) with
n € Z and n > 0) accuracy. We carry out this computation up to a missing contribution

coming from the missing contribution of Df).
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Introduction

According to Big Bang Cosmology, the first stages of the Universe’s existence date from
13.8 billion years ago approximately. Between 10712-107°% seconds after the Big bang,
the Universe, with a temperature of approximately 1012-10%2 K (100 MeV-10? GeV), was
basically a ”soup” of quarks, gluons (quark-gluon plasma) and leptons in what is called the
quark epoch of the Universe. The Universe’s temperature was then too high for hadrons,
bound states of quarks due to the strong interaction, to exist. These are the energies we
are able to reproduce presently in large accelerator facilitied}

While the Universe was cooling due to its expansion, between 107%-1 second Universe’s
life, the temperature, of about 10'°-10'? K (1-100 MeV) started to be low enough to allow
the first bound states to be formed, the hadrons. For this reason, this period of time is
known as the hadron epoch. By the end of it, only stable baryons, like the proton and the
neutron remained. Since then it is impossible to understand the Universe, as it is now,
without understanding the physics of bound states, because since then, as a consequence
of the different interactions, ordinary matter started regrouping in bound states consisting
in larger and larger number of particles.

We have to wait until the Universe was about 10-10% seconds old (with a tempera-
ture of around 107-10° K i.e. between 100 keV-1 keV) to find the first primordial nuclei,
bound states of protons and neutrons due to residual strong interactions, to be synthesized.
Among them, hydrogen ('H), helium-4 (*He), small amounts of deuterium (*H), helium-3
(®He), and lithium-7 ("Li) appeared. That is called the Big Bang nucleosynthesis epoch.

Much more time had to be passed, of around 380 - 10? years, for the Universe to be
cold enough to find electrons bounded with atomic nuclei, due to the electromagnetic
interaction, to form light neutral atoms like hydrogen or helium. This is known as the
recombination epoch, and universe’s temperature was around 4000 K (0.4 eV).

As the Universe was cooling, large amounts of molecular hydrogen (bound states of
two hydrogen atoms due to residual electromagnetic interactions) and helium, scattered in
the space, bounded again due to residual electromagnetic forces, forming regions of space
filled in with a medium of macroscopic gas. In some cases, this macroscopic gas started
to collapse due to the gravitational force giving rise to the formation of stars. The period
which comprises the formation of the first stars goes from 380 - 10® years to 150 - 10® years.
The Universe temperature was around 4000-60 K by then.

With the existence of these massive objects, the gravitational interaction, irrelevant
since the Planck epochE], started to play a role again. Then, several star-kind objects

Tndeed, the highest total energy reached in the LHC has been 13 TeV.
2Period of time smaller than 10743 s, where current physical theories lose their predictability. Physics



started to form bound states, giving rise to bigger astronomical objects like supermassive
black holes, stars cumulus, planetary systems, and finally, the first galaxies. The period
of formation of the first galaxies comprises the period of times from 150 - 10° to 1 - 10°
years. The Universe’s temperature lowered to between 60-19 K. Later, also due to the
gravitational interaction, galaxies started regrouping making more complex bound states
called galaxy clusters and superclusters. This started occurring in the period of time in
which the Universe was between 1-10% and 10-10° years. The Universe’s temperature was
between 19-4 K.

In the meanwhile, since the formation of the first stars, the strong and electromagnetic
interactions followed its course as a cause of the formation of more and more particle
composite bound states. High temperature inside stars formed heavier and heavier nuclei,
depending on the mass of the star, and then on its capacity to fuse them. At the end of
the stars life, an envelope of gas is expelled from it. The expelled gas, which is relatively
rich in heavy nuclei created within the star, cools as it moves away from the star, allowing
molecules (bound states of atoms) and dust particles (bound states of molecules or atoms)
to form. This kind of processes enriched the medium with a variety of different mass atoms.

In particular, 4.6 billion years ago approximately, our Solar system (also a bound state
of an star, the Sun, planets and other less important in mass objects), started its formation
and evolution in a medium already enriched with a wide range of atoms and molecules.
In a particular planet, the Earth, the conditions were such that these molecules bounded
in more and more complex molecules which gave rise to the cell, the smallest unit of life.
Any form of known life, including ourselves, is a bound state of cells.

As we have seen, bound states are present in a vast range of scales, from the tiniest
length scales presently accessible in accelerators, the hadron’s scale length (107 m), to
the biggest superclusters of galaxies (10%2-10%* m) that have been observed. Bound states
are important, not only to understand the origin and evolution of the Universe, but also to
understand the origin and evolution of life. Thus, understanding bound states is crucial to
understand how the ordinary mattelﬂ behaves. In particular, simple bound states (formed
by two or three particles) are of vital importance to understand the interactions that
produce them. The Earth orbiting around the Sun was crucial to the understanding of the
classical gravitational interaction, the hydrogen atom (a bound state of a proton and an
electron) to understand the electromagnetic interactions at the quantum level and heavy
quarkonium (a bound state of a heavy quark and a heavy antiquark) to improve our
comprehension of the strong interactions.

The research carried out in this dissertation is focused on the study of bound states
due to the strong interactions, so on the tiniest ones that can be presently measured. In
particular, we focus our attention to the most compact ones of them, heavy quarkonia QQ,
bound states made out of a heavy quark and a heavy antiquarklz_f]. These states, conceived

in this epoch is though to be dominated by quantum effects of gravity.

30rdinary matter accounts for a 5% of the total Universe’s energy. The rest is accounted for the dark
matter (23%) and dark energy (72%) whose origin is the most puzzling problem that theoretical physics
faces nowadays.

4If m > Agep, where m is the quark mass and Agep ~ 200-300 MeV is the scale of confinement, i.e.
the typical energy scale that separates the regions of large and small strong coupling, then @ is called a
heavy quark. There are three light quarks: the u, d and s, and three heavy quarks: the ¢, b and ¢, in the



as the simplest bound states one can study in the framework of the strong interactions, not
only help us to understand how the universe looked like at the first stages of its existence
(since these particles only existed "naturally” in the hadron epoch), but also to improve
our understanding of the strong interaction. The description of the experiments presently
performed in large accelerator facilities indeed requires a solid knowledge of this interaction.
In fact, this is unavoidable in order to solve the most important problems that high energy
physics faces nowadays:

e To discern the differences between the SM predictions and experimental data i.e. to
detect new physics.

e To quantitatively understand the strong interactions.

Both items will be addressed by carrying out perturbative high precision computations of
heavy quarkonium related observables. The reason why we focus on heavy quarkonium is
because, for large enough masses, perturbation theory can be used and the heavy quark
dynamics simplifies, making it much simpler to study than other strongly interacting sys-
tems. Therefore, in the present dissertation, we will only study the weak coupling regime
of the strong interaction.

The theory which describes the strong interaction is QCD. However, using full QCD
to compute high order perturbative computations in heavy quarkonium can be very com-
plicated, to say the least. Instead, these kind of computations requires the use of EFTs,
which take advantage of the hierarchy of scales of the problem. The resulting EFTs make
the computations much simpler than in the underlying theory. In this context, the motiva-
tion of the present dissertation is to use EFTs of QCD in strong interaction processes, in
particular, to perform perturbative high precision calculations of heavy quark and heavy
quarkonium properties.

The non-relativistic nature of heavy quarkonium characterizes its dynamics by three
widely separated scales, the hard scale m, which is of the order of the heavy quark mass,
the soft scale mwv, which is of the order of the relative momentum between the two heavy
quarks in the center of mass frame, or likewise, of the order of the inverse Bohr radius
of the system, and the ultrasoft scale mv?, which is of the order of the binding energy of
the system, where v is the relative velocity between the two heavy quarks in the center of
mass frame. Since the system is non-relativistic (v < 1), the hierarchy of scales is such
that m > mv > mo? and one can take advantage of it by constructing subsequent EFTs
by integrating out the hard and soft modes ending up with the EFTs called NRQCD and
pNRQCD, respectively. In Fig. (1| we show schematically how the construction of these
EFTs is carried out.

Still we can find two different situations depending on the relative size of Aqcp with
respect to the soft scale:

e The weak coupling regime (mv > mv? 2 Aqep): The matching between NRQCD
and pNRQCD can be carried out perturbatively. This situation is satisfied for very
large masses.

SM of particle physics. However, only the b and/or the ¢ form heavy quarkonium bound states. The ¢t is
too massive and it decays before any bound state can be formed.



QCD

Integrating out the hard scale m
(heavy quark mass)

NRQCD

Integrating out the soft scale mwv
(inverse Bohr radius)

pNRQCD

dof with ultrasoft energy £ ~ mu
(typical binding energy)

2

Figure 1: Schematic construction of pNRQCD. The hard scale is firstly integrated out to obtain
the EFT called NRQCD and, subsequently, the soft scale is also integrated out obtaining the
EFT called pNRQCD.

e The strong coupling regime (mv 2 Aqep): The matching between NRQCD and
pNRQCD can not be carried out perturbatively.

On the one hand, the quantity Rp.a ~ 1/Aqep determines the typical size of the light
hadrons. On the other hand, at energy scales close to the confinement scale, the strong
coupling constant becomes largeﬂ so perturbation theory breaks down. Light hadrons
are non-perturbative systems. Contrarily, at the energy scale of the heavy quark mass
the coupling constant «(m) is small, implying that on length scales comparable to the
Compton wavelength A\ ~ 1/m of the heavy quark the strong interactions are perturbative
and very much like the electromagnetic interactions. In particular, the system under study,
namely heavy quarkonium, have a size of the order of Rpg ~ 1/(ma(m)) < Rpaq, being
perturbative and very much hydrogen-like. Thus, in a first approximation, the heavy
quarkonium spectrum can be described by solving the Schrodinger equation with the singlet
Coulomb potential, obtaining the energy levels

2
9 My

E(n) =-Cr— 5 (1)
where n is the principal quantum number, m,. is the reduced mass of the system and the
color factor Cr = 4/3 in QCD. Comparing the binding energy with the ultrasoft scale we
identify that v ~ a/n, so the identification v ~ « is a good approximation for the lower
levels of heavy quarkonium.

Therefore, in the present dissertation we will assume the strict weak coupling regime
mv > mv® > Aqep. In that case, pNRQCD [ 2] provides a well founded connection

PParticularly, a(Aqcp) becomes infinite in MS-like renormalization schemes.



between QQCD and descriptions of the heavy quarkonium dynamics in terms of Schrédinger-
like equations. This connection is obtained using standard QFT techniques such as di-
mensional regularization and renormalization. Schematically, pPNRQCD is described by a
Schrodinger-like equation where relativistic corrections to the potential and interactions
with other low energy degrees of freedom can be incorporated systematically. The weak
coupling regime is a good starting point for some particular systems. The top-antitop
production near threshold can be obtained in a first approximation using a weak coupling
analysis. This also applies, to a large extent, to the lower energy levels of bottomonium
(bb), charmonium (c¢) and the B, (b¢ or bc).

Computations in the previously mentioned systems become feasible in the framework
of pPNRQCD with otherwise unreachable very high accuracy. Nowadays, the achieved
precision for the heavy quarkonium mass is N°LL [3] and N3LO [4], and the precision
battle ground is N3LL [5, 6] and N*LO. For inclusive radiative decays, non-relativistic sum
rules, or the top-antitop production near threshold the N*LO [7] expressions are known,
whereas the N?LL [§] expressions are sought. For M1 radiative transitions the achieved
precision is N2LO [9].

Such computations and their comparison with the experiment will give us valuable
information of the QCD dynamics. They are also of vital importance for the most ac-
curate determination of some of the SM parameters like the masses of the heavy quarks:
top, bottom and charm, or the strong coupling constant [10]. Moreover, several of these
results can be easily applied to atomic physics opening the possibility of accurately deter-
mining, lepton masses, the electromagnetic coupling constant, as well low energy hadronic
constants.

The present dissertation is devoted to the complete determination of the heavy quarko-
nium spectrum with N3LL accuracy, leaving for future projects the computation of other
observables. That is a very demanding task which has been already considered in previous
works [4] 6], 111, 12}, T3], where several contributions were computed. At present, the missing
link to obtain the complete N*LL heavy quarkonium spectrum is the spin-average (spin-
independent) contribution to the S-wave (zero angular momentum) states. The spectrum
for S-wave states can be splitted as

ES-Wave = Eaver + Sl : SZEhfs s (2)

where F,.; is the spin-average contribution and FEyg is the hyperfine splitting contribution.
Particularly, E,.. comes from the expectation value of the spin-independent delta-like
interaction potential between the two heavy quarks, whose Wilson coefficient is needed with
NLL accuracy. The determination of that Wilson coefficient with the necessary accuracy
is the computation we address in this thesis. Its running is divided in three different parts:
the soft running, the potential running and the ultrasoft running. Partial results will be
obtained for the soft running, whereas the potential running will be completely determined.
Finally, we will include the ultrasoft running which was already computed in Ref. [14].
The dissertation is divided as follows. In Ch. [l] we introduce some EFT concepts
qualitatively. In Ch. [2] we obtain the LL running of the Wilson coefficients associated to
the 1/m? operators of the HQET Lagrangian. Of those, the ones associated to the spin-
independent operators are relevant to obtain the potential running of the spin-independent



delta-like potential with NLL precision. In Ch. [3] we introduce the NRQCD Lagrangian
and compute the already known [I5] NLO matching of the spin-independent four fermion
operators in the different mass case. This section is devoted to a reader interested in how
the matching between QQCD and NRQCD is performed. It also set the details for a future
evaluation of the N2LO matching of the four fermion operators, which could be useful to
determine the missing contribution of the NLL soft running of the spin-independent delta-
like potential. In Ch. {4 we compute the matching between NRQCD and pNRQCD to
obtain the spin-independent o?/m?® and a/m* interaction potentials, which are necessary
to obtain the NLL potential running of the spin-independent delta-like potential. We
partially compute the spin-independent part of the a®/m? potential which allows us to
partially obtain the NLL soft running of the spin-independent delta-like potential. The
already known ultrasoft running is also included. Therefore, in this chapter we obtain the
pNRQCD Lagrangian relevant for S-wave states with N3LL accuracy. Finally, we compute
the heavy quarkonium mass of spin-average states with N®LL accuracy. These results are
complete up to a missing contribution coming from the NLL soft running. Conclusions
and prospects of future research are also discussed. At the end the thesis we include an
appendix in order to fix notation, summarize useful results and mathematical identities,
display master integrals, and perform examples of computations we have been involved in.



Chapter 1

Effective Field Theories in Particle
Physics

1.1 Introduction

An EFT of a physical system is a low-energy (long-distance) theory specially designed to
the description of that system such that it is computationally simpler than its underlying
high-energy theory. This is due to the so called high energy degrees of freedom decouple
and disappear completely from the dynamics of the low energy system (see from Ref.
[16] to Ref. [23] for reviews). The details of the high-energy (short distance) theory
become irrelevant to the description of the low energy system and their effects are encoded
into the parameters of the EFT Lagrangian, called Wilson coefficients. Its construction
is characterized by a scale A, acting as a cut-off, which splits the high and low energy
degrees of freedom and under which the EFT is expected to describe the physical system
as good as the underlying high energy theory does. Indeed, both theories are imposed to
be equivalent at energies smaller than the cut-off i.e in the IR. It is in the UV, where both
theories differ. The EFT is mathematically described by an effective Lagrangian Lgpr
which can be systematically improved by introducing operators of higher dimensionality,
obtaining a power series of corrections in 1/A. Therefore, given an operator it can be
determined to what order in 1/A will contribute, in other words, power counting rules
arise.

Typically, there are two situations in which EFTs are used depending on if the underly-
ing high energy theory is known or not. In the case it is, the EFT is used in a "top-down”
approach. This is done when one wants a simpler low energy theory to describe a system.
One can construct the effective Lagrangian from an explicit calculation in the high energy
theory, i.e. from first principles, finding the operators that enter in the EFT. Examples
are when we integrate out heavy particles like the ¢, the W and the Z or when we use
HQET to describe the b and the c. In the case the underlying high energy theory is not
known, the EFT is used in a ”bottom-up” approach. One must construct the underlying
theory with constraints based on the symmetries the high energy theory is supposed to
have (like Lorentz and gauge invariance), which are the relevant degrees of freedom and
"naturalness” considerations (like no fine tunning), i.e. it can not be constructed from



first principles. An example of that case is the extension of the SM introducing operators
of higher dimensionality to describe physics at energies closer to some heavy particle that
has been integrated out and whose effects do not show up in the SM. A ”bottom-up”
approach is also taken when the underlying theory is known, but the matching is too dif-
ficult to be performed. An example of that case is the construction of an EFT to describe
non-perturbative dynamics in QCD.

The EFTs considered in this thesis follow a ”top-down” approach since the full theory
QCD is well-known and the regime where we work is perturbative, so there are no difficulties
when performing the matching between the full and the effective theory. In this context, the
way of disentangling the low and high energy degrees of freedom follows two steps. First,
one must identify the high energy (heavy) degrees of freedom in the full theory and integrate
them out of the action, ending up with an effective action with non-local interactions
between the low energy (light) degrees of freedom. The second step is the expansion of
this non-local effective action in local operators which describe local interactions between
the low energy degrees of freedom. This way of understanding the construction of EFTs is
known as the Wilsonian approach to EFTs. The effective Lagrangian resulting from this
process can be written as

o0

00 O .
Lgrr =Lcp + Lp + Z£D+n =Lcp+Lp+ ch /jxj: ; (1.1)
n=1

n=1

where £; means that it contains operators of mass dimension i, O; is an operator of
mass dimension ¢, A is the scale of new physics where the EFT loses its validity, and ¢,
are dimensionless coefficients called Wilson coefficients which encode the physics at short
distances. Three different kind of operators can be identified:

1. Relevant: [O] < MP, are dominant.
2. Marginal: [O] = MP, remain constant.

3. Trrelevant: [O] > MP | are subdominant.

Remember that traditional textbooks argue that any QFT must contain only relevant and
marginal operators or otherwise it loses its predictive power because an infinite number
of counterterms are needed to renormalize an infinite number of parameters. However,
this statement is in controversy with EFTs since, in addition to relevant and marginal
operators, they are constructed with an infinite number of irrelevant operators with any
possible mass dimension. The key point is that the predictive power is not lost as long as
our goal is to make a calculation with a given precision. Once the aimed accuracy is fixed,
the series is truncated and the infinities arising from loop integrals at a given order can be
absorbed by a finite number of counterterms. Another crucial property demanded to any
EFT is a well-defined power counting. Let us look at the irrelevant operators of Eq. .
Since the scale of new physics A is much larger that any typical momentum and energy of
the system, the series define a power counting in 1/A. Note that if we want an EFT to
be renormalizable at O(1/A"), the effective Lagrangian must be truncated to incorporate
operators of dimension up to [O] = MP*". As it can be seen, the dimensionality of the
operators is intimately related with the power counting.



1.2 Matching

In the construction of an EFT we need to map the underlying theory to the Wilson coeffi-
cients of the effective theory. That map is called matching and consists on imposing both
theories to be equal (up to corrections in 1/A) at a given energy scale A, called the match-
ing scale, which is the cut-off of the effective theory. In practice, this is done by imposing
S-matrix elements or Green functions to be equal in the underlying and the effective theory
after expanding the former in powers of 1/A. In the cases at hand, such a computation
can be carried out in perturbation theory. Typically, the matching is a computation in the
underlying theory since loop integrals in the EFT appear to be scaleless and are set to zero
in dimensional regularization. By construction, both theories have the same IR behaviour,
so IR divergences cancel in the matching processE]. However, UV divergences appear and
they are canceled by renormalization counterterms determining part of the running of the
Wilson coefficients of the EFT. The matching determines the Wilson coefficients evaluated
at the matching scaleE] c(A), which can be expressed as a power series in the underlying
theory expansion parameter, the coupling constant «

c(A) =) ama™A), (1.2)
m
where a,, are constants and the index m runs till the aimed accuracy.

After the construction of the effective theory and the subsequent matching, an interac-
tion mediated by heavy fields in the underlying theory is described by higher-dimensional
operators in the EFT. It means that, non-local interactions in the underlying theory, are
approximated in the effective theory by local contact interactions with coupling c(A) /AP,
where n is the mass dimension of the operator we are considering.

Therefore, there are two expansion parameters in the effective theory which must be
taken into account in order to determine an observable with a certain precision, the coupling
constant « and the inverse of the cut-off 1/A. The size of a certain contribution is then
measured in powers of a”/A®.

1.3 Renormalization Group

Once the matching calculation is done, we obtain the Wilson coefficients at fixed order
c(v = A), where v is the cut-off of the EFT. However, the expressions of these Wilson
coefficients still need to be improved via RG in what is called the resummation of large
logarithms. The RG improvement is specially important when the In(v/A) is large, which
happens when v gets closer to the next physical scale of the problem, and it allows to find
O(In"(v/A)) contributions that can not be found by just working at fixed order.

The way to determine the RGE of a Wilson coefficient is by computing S-matrix ele-
ments or Green functions. For instance, in the one-loop approximation, we have that

LA kind of IR divergence called pinch singularity can occur. These IR divergences are eliminated by
subtracting to the diagrams of the underlying theory the ones of the effective theory [g].

2Note that, for simplicity in the discussion, we have chosen the matching scale to be equal to the
expansion parameter, but they do not have to be necessarily the same.



A:Atree+A1—loop’ (13)

where A is the S-matrix element, which is a physical observable, so it can not depend on
the renormalization scale (vdA/dv = 0) and it must be a finite quantity. On the contrary,
the one-loop contribution to the S-matrix A"°°P is UV divergent. Such a divergence gets
absorbed in the tree level contribution to the S-matrix A" which at the Wilson coefficient
level allows to determine the counterterms of the Wilson coefficients in A%°¢. Likewise,
this allows to determine their RGE. Let us see how it works from a schematic example
with a single Wilson coefficient. Thus

Afree = cp A (1.4)

1
AP = qg? — M A, (1.5)
€
where A stands for some momentum structure, cg is the bare Wilson coefficient, M is some
energy or momentum scale of the problem and a is a constant. The quantity A" 4 4!-loop
must be finite and v-independent. Since the second term is UV divergent, such divergence
must be canceled by the coefficient in A", so
2 1 2e s :
cgA+ ag®—M*A = finite and v-independent . (1.6)
€
At the level of the Wilson coefficients and rewriting cg = ¢(v) + dc(v), being ¢(v) the
renormalized Wilson coefficient and dc(v) the counterterm, we have that
2 1 2e . .
c(v) + dc(v) + ag”— M= = finite and v-independent . (1.7)
€
Since the left hand side of Eq. (|1.7)) must be finite, we can fix the counterterm
1 2e

Sc(v) = —ag*=v**. (1.8)
€
Finally, since the left hand side of Eq. ([1.7) must be v-independent
v e(w) + be(v) + ag? ) = 0 (1.9)
dv I e - '

which allows us to find the RGE of the Wilson coefficient ¢

d d 9
V@C(V) = —VE(;C(V) = 2ag” . (1.10)

After solving the RGEs, the RG improved Wilson coefficients are obtained. They can be
expressed as c¢(v) = ¢(A) + Ac(v), with Ac(v = A) = 0. If we expand ¢(v) in powers of
the coupling constant a(A), the resulting expression is a tower of logarithms (from here it
comes the term resummation of logarithms) of the form

c(v) = Z (amam(A) + i D@ (A) In™ (%) > : (1.11)

m
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where a,, and b,,, are constants and the index m runs till the aimed accuracy of a par-
ticular calculation. If the logarithms In"(v/A) are large, then the resummation of them
become numerically important compared to the fixed order computation, and they must
be computed. We will refer to these expressions where the RG evolution has been taken
into account as RG improved expressions and the procedure to compute them as the re-
summation of large logarithms. Such a resummation, which is the sum over the index n,
is achieved by solving the RGEs.

In general, we will use the terms LO, NLO, N2LO and so on to refer to the first, second,
third and so on non-vanishing fixed order contribution to the Wilson coefficients. Once

the Wilson coefficients are RG improved we will refer to their accuracy as being LL, NLL,
N2LL and so on.
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Chapter 2

Heavy Quark Effective Theory
(HQET)

2.1 Introduction

The expansion in inverse powers of the heavy quark mass is a powerful tool for the study
of hadrons containing one or more heavy quarks. This expansion is formulated more
systematically in terms of an effective theory and of its associated effective Lagrangian.
For the one-heavy quark sector, this effective theory is the HQET [24]. Once obtained,
its Lagrangian can be applied, for instance, to physical observables associated to the B or
D mesons such as their spectrum or decays. The HQET Lagrangian is also instrumental
in the description of systems with more than one heavy quark, in particular if we fix
our attention to the heavy quark-antiquark sector, i.e. heavy quarkonium, as the HQET
Lagrangian corresponds to one of the building blocks of the NRQCD Lagrangian [25, 26].
The Wilson coefficients of the HQET Lagrangian operators also enter into the Wilson
coefficients of the operators (i.e. the interaction potentials) of the pNRQCD Lagrangian
[T, 27], an effective field theory optimized for the description of heavy quark-antiquark
systems near threshold (for reviews, see Refs. [2, [§]). The dependence of the potentials
with the Wilson coefficients of the HQET Lagrangian is a consequence of the matching
between NRQCD and pNRQCD.

In this chapter we address the computation of the LL running of the Wilson coefficients
associated to the 1/m? operators of the HQET Lagrangian. The Wilson coefficients we
compute have applications in heavy quark and heavy quarkonium physics. On the one
hand, what is more important for the present work is that the computed Wilson coefficients
that are associated to spin-independent operators are necessary ingredients to obtain the
pNRQCD Lagrangian with N3LL accuracy, which in turn is the necessary precision to
obtain the complete heavy quarkonium spectrum with N3LL accuracy, i.e. with O(ma® +
ma’®lna +ma’In* o+ ...) accuracy. They are also necessary for the computation of the
production and annihilation of heavy quarkonium with N2LL precision. Actually, this is
one of the main motivations we undertake this work. More precisely, they play a role in
the computation of the NLL potential running of the Wilson coefficient D( ) associated
to the spin-independent delta-like potential, which is of O(a/m?) at its LO. Let us see
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the reason why we need this Wilson coefficient to this order. In momentum space, the
spin-independent delta-like potential can be written as V; ~ D((f) /m?. Then, the potential
V; in position space contributes to the spectrum in the following way

- Pk -
VdeSngw—2D5f) ~ma’(a+afina+... .+ +allna+...)
m

_ 4 5 5 6
= mao’, +ma’lna+ ...+ ma’ +ma’lna+ ..., (2.1)
N’LO NLO )
N2LL N3LL

where we have used the power counting rules given in Ref. [§]. The O(«, a?) terms come
from the initial matching condition of [)L(f) at tree level and at one loop, respectively. The
O(@?Ina + ...,0°Ina + ...) terms come from the RG evolution of D' at LL and at
NLL, respectively. As it can be seen, in order to determine the contribution of the spin-
independent delta-like potential to the N3LL heavy quarkonium spectrum the running of
D( ) must be determined with NLL accuracy. That means

2) NLL

d
5D INE 2 4 oflna+atin®a+ .. :>Vd—<5D ~adfatlna+..., (22

where MN) @NLL tands for the purely NLL contribution to [)Sf), more precisely, Dc(f) =

D( JLL 4 5D INLL 1 particular, we will see in Ch. that the potential RG of (5[?((12) NLL
has the form

d
v (5D HNLL o (A1a(2ca, + Cay) + Asa(2ca, +ca,)) + ..., (2.3)

where Ay and Asy are constants, ¢4, are Wilson coefficients associated to the O(1/ m?3)
spin-independent operators of the HQET Lagrangian, and the dots stand for irrelevant
terms for the present discussion. Comparing Eq. with Eq. it can be seen that
the c4, must be determined with LL precision, namely with the following accuracy

ca, ~1+alma+ao’ln*a+.... (2.4)

On the other hand, the computed Wilson coefficients associated to spin-dependent opera-
tors start to be relevant when considering the pNRQCD Lagrangian with N*LO and N*LL
accuracy, which is the necessary precision to determine the N*LO, i.e the O(ma®), and the
NLL, i.e. the O(ma® +ma’Ina +ma®In®a + ...), heavy quarkonium spectrum. This
computation is beyond the scope of this work, though. These results are also instrumental
in the determination of higher order logarithms for NRQED bound states, like in hydrogen
and muonic hydrogen-like atoms.

'The NLL contribution to D( ) s conveniently divided in four pieces, 5D(2) NLL - D(Q) NLO +

s D NLL + 5D(2) NLL + 5D(2) NLL . In Ch Iwe will define what each contribution is. At the moment, we

d,us
D(2 NLL

only need to know that § is splitted in different contributions.
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The computation presented here also provides a cross-check of some of the reparametriza-
tion invariance relations given in Ref. [28] (except for c¢j; and d}, for which we introduce
some controversy) and gives a solution in the standard basis settled on by the same refer-
ence.

At present, the operator structure of the HQET Lagrangian, and the tree-level values
of their Wilson coefficients, is known to O(1/m?) in the case with no light quarks [28].
The inclusion of light quarks has been considered in Ref. [29]. The Wilson coefficients
were computed with LL accuracy in Refs. [30, 31}, [32] to O(1/m?) and with NLO accuracy
in Ref. [28] also to O(1/m?) but without considering dimension 6 heavy-light operators.
The LL running to O(1/m?) without considering spectator effects was considered in Refs.
[33, [34], which turned out to have internal discrepancies between their explicit SL results
and their own anomalous dimension matrix. The inclusion of heavy-light operators to
O(1/m?) was considered in Ref. [29], but only SL results for the Wilson coefficients were
provided. The resummed expressions of the Wilson coefficients with LL approximation,
to O(1/m?), and including spectator quarks were obtained in Refs. [35] 36, 37], which
corrected the inconsistencies found in Refs. [33, [34] and found disagreement with some of
the SL results presented in Ref. [29]. The present chapter basically summarizes and details
the work done in Refs. [35, 136, 37].

In summary, in this chapter we obtain the RG improved expressions of the Wilson
coefficients of the HQET Lagrangian operators with LL approximation to O(1/m3), which
includes the heavy quark chromopolarizabilites. The analysis includes the effects induced
by spectator quarks, which are considered to be massless. The Coulomb gauge will be used
throughout.

The chapter is organized as follows. In Sec. we give a brief introduction to HQET
and talk about heavy quark symmetry. In Sec. we introduce the HQET Lagrangian up
to O(1/m?) including relevant heavy-light operators (see Ref. [29] for a complete basis of
heavy-light operators). In Sec. We compute the Compton scattering, which allows us to
identify gauge-independent combinations of Wilson coefficients. The Sec. is dedicated
to the computation of the anomalous dimensions and it is divided in three subsections:
In Sec. and Sec. the RGEs for the Wilson coefficients associated to the 1/m?
heavy-light operators and to the 1/m3 heavy-gluon operators are presented, respectively.
In Sec. physical combinations are sought, and their associated RGEs are presented.
The solution of the RGEs for the physical quantities we have found is displayed in Sec.
2.5.5] A numerical analysis of the solution is also performed. We compare with the earlier
work done in Refs. [29, 33, 34] in Sec. 2.6} We dedicate Sec. to show how the UV
pole of the loop integrals is obtained. Finally, in Sec. [B|we display the necessary Feynman
rules, master integrals and some useful color algebra and gamma matrices relations. The
problem with ¢); and d? not satisfying reparametrization invariance in the Coulomb gauge
is also discussed.

2.2 Heavy Quark Symmetry

As we already discussed in Ch. [I} in particle physics, it is very common that the effect
that a given heavy particle has in the dynamics of a certain process becomes irrelevant. In
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that case, it is useful to construct and EFT where such a particle no longer appears. The
resulting theory happens to be mathematically more tractable than the full theory.

The case in which one wants to describe the properties of hadrons which contain a
heavy quark [38] is quite similar to the case described above, where the heavy particle role
is played by the heavy quark, but with some subtleties. The difference is that, in this
case, it is not possible to completely remove the heavy quark from the effective theory.
Instead, what it is possible is to integrate out the ”small components” in the full heavy
quark spinor, which describe fluctuations around the mass shell.

The starting point for the construction of HQET is the use of the phenomenological fact
that a heavy quark () of mass m > Aqcp inside an hadron is almost on-shell and moves
with very good approximation with the hadron’s velocity v. Thus, its four momentum can
be written as

Pp=mv+k, (2.5)

where k is the residual momentum of the heavy quark which describes small fluctuations
with respect to the on shell condition Py = mwv. Since the heavy quark is almost on shell,
k < muv. The first step is to introduce large and small component fields

Qu(z) = ™ PLQ(x), (2.6)
¢@(z) = ™ P_Q(x), (2.7)

respectively, so that
Q) = 7™ (Qu(@) + ¢u(@)) , (2.8)

where Q(z) is the full heavy quark spinor appearing in the Dirac Lagrangian for the heavy
quark

Lo =Q(i) —m)Q, (2.9)
and Py = %(1 + ) are projection operators. In the rest frame, where v = (1,0), Q,
corresponds to the upper two components of () and ¢, to the lower two ones. These new
fields satisfy ¥Q, = @, and ¢g, = —q,. If the heavy quark was perfectly on shell (this
happens in the infinite heavy quark mass limit), the field ¢, would be absent. For describing
an hadron containing a heavy antiquark we just must replace v — —v in Eqgs. (2.652.8)).
At the classical level, the heavy degrees of freedom (small component) ¢, can be elimi-
nated by just using Eq. to replace the expression of () in terms of the new fields into
the equation of motion of the heavy quark, (i) —m)Q = 0, obtaining

iPQ, + (ilp — 2m)q, = 0. (2.10)

From Eq. it is apparent that @, describes massless degrees of freedom, whereas
¢, corresponds to degrees of freedom with twice the heavy quark mass. For this reason,
we called ¢, heavy degrees of freedom above. The small component field ¢, is the degree
of freedom which is integrated out of the theory deriving a nonlocal effective action for
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the large component @),. Such effective action can then be expanded in local operators.
Multiplying Eq. (2.10) by Py we obtain

— - DQy=il),q,, (2.11)
(iv- D +2m)q, = ip Q. (2.12)
where D/ = D* —vtv - D. Eq. (2.12) can be solved and gives
1
v — X . vy 2.13
¢ w-D+2m—mUDLQ ( )

showing that the small component field g, is suppressed by the heavy quark mass. Inserting
it into Eq. we obtain

1
—iw-DQ, =i
e DQu =D =

nUDle , (2.14)

which is the equation of motion for @),. From the EOM it is easy to guess the effective
Lagrangian:

= . = . 1
Eeff:Qv(lv'D)Qv+QleDLZ-U.D+2m_Z-

nilpLQv ) (215>
which is, in the absence of radiative corrections, the HQET Lagrangian. This Lagrangian
was derived more elegantly from the generating functional of QCD in Ref. [39].
Derivatives acting on @), produces powers of the residual momenta k& < m. Hence, the
nonlocal effective Lagrangian Eq. can be expanded in powers of v - D/m, defining
the operator product expansion of the HQET Lagrangian as a series of local operators. It

can be seen that, to first order in 1/m

Lot = Ou(iv - D)Q, — %QUDZLQU L QuoasGQu + O(1m?) (2.16)

In the present discussion we stop the derivation of the HQET Lagrangian to O(1/m)
because we only want to be illustrative. However, this thesis is concerned with the HQET
Lagrangian up to O(1/m?). In the rest frame the above Lagrangian is written as

Lrest frame — Of (z’Do + %DQ + %a : B) Q+0O(1/m?). (2.17)
The term D?/m can be identified as the kinetic energy associated to the off-shell residual
motion of the heavy quark, whereas the term o - B/m is the Pauli term, which describes
the interaction of the heavy quark spin with the gluon field. In the m — oo limit, these two
operators do not appear. On the one hand, it implies that hadronic states with different
heavy quark spin have the same properties. This is the origin of the heavy quark spin
symmetry. On the other hand, it implies that hadron properties are independent of the
flavor of the heavy quark it contains. This is the origin of the heavy quark flavor symmetry.
Together, they are referred as the heavy quark symmetry.
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These approximate symmetries allow the determination of relations between hadrons
containing a heavy quark, like the B, D, B* and D* heavy mesons or the A, and A, heavy
baryons. These symmetries are broken by relativistic effects suppressed by powers of the
heavy quark mass, which are of the order of powers of Aqcp/m. As far as m > Aqep, heavy
quark symmetry is a good approximation to the description of the hadrons containing a
quark of mass m.

2.3 The HQET Lagrangian

2.3.1 The HQET Lagrangian without light fermions

The HQET Lagrangian is defined uniquely up to field redefinitions. In this thesis we
use the HQET Lagrangian density for a quark of mass m > Aqcp in the special frame
v=(1,0,0,0) given in Ref. [2§]:

EHQET = Lg + EQ , (218)
£ o 1GuuaGa acha Gub Guac O 1 2.19
— ol iDi+ D2y F sl 0B
La Q{Z O+2m +2ma g
Cp . Cg
+W(D~gE—gE-D)+zwo"(DxgE—gExD)
C4 4 . D-[DxB]+[DxB]-D 2B2—E2 ng2
D = = _ J =
+ 8m3 tiemyg 8ms3 teag 8m3 €Az 16m3
{D2,0'-B} Dio - BD? c-DB-D+D-Bo-D
Ty T S
1 B2 — E? 1 E?
2 2
+ca, 9 ETY (—8m3 ) —Cay g FCTY (16m3)
. c-(BxB—-EXE . o-(ExE
+icp, e ( ) —icp, QQQ Q+0 , (2.20)
8m3 8m3

where () is a non-relativistic fermion field represented by a Pauli spinor. The components
of the vector o are the Pauli matrices. We define iD° = i0" — gA°, iD = iV + gA,
E! = G and B! = —€9*G7% /2, where €7* is the three-dimensional totally antisymmetric
tensor’] with €!2* = 1 and (a x b)! = €/*alb*. Note also that we have rescaled by a factor
1/N, the coefficients cy, ,, as compared to the definitions given in Ref. [28]. In general, we
will refer to the c4, as the chromopolarizabilities.

2 In dimensional regularization several prescriptions are possible for the €% tensors and o, and the
same prescription as for the calculation of the Wilson coefficients must be used.
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2.3.2 The HQET Lagrangian with massless fermions

By including n; massless fermions to the HQET Lagrangian, it has the following structure:

ﬁHQET = E + ﬁQ + El, (2.21)

5L 5c 5L 5L 1
qu% 5 91 =1L "% L0 (—4) : (2.22)
m m

m2 m3 m3

where ¢; is a relativistic fermion field represented by a Dirac spinor. The complete set of
operators to O(1/m?) can be found in Ref. [32]. They read

hl "f hl ny
0L, = <9 ZQTTQQQN G~ 9" ) Qo T"Qan" 15T g,
=1
hl 2 Z; ny . '
=9 ZQTQW 6~ 9" Qo Qar s (2.23)
=1

50 = g, D,y
q quq/l/ q;

ll ll
‘1

f
C —~ a —~ a
+4 9 E GG GT g+ 2 0% Y 6T 350 G150

3,7=1 3,7=1
i 5 -
+§ s Z "G Gl + g 9 > @56 Gvses- (2.24)
i,7=1 2,5=1

However, the light-light operators 5&(12) and 5&(]3), as well as the 1/m? gluonic operator
with associated Wilson coefficient ¢f, contribute at NLL or beyond, so we will not consider
them any further.

The O(1/m?) (dimension 7) heavy-light operators were considered in detail in Ref. [29]
and they can be found in the Eq. (10) of that reference. However, we will not consider all
of them, but only those that get LL running and that could affect the LL running of the
Wilson coefficients of the heavy-gluon operators: ca, car, €a,, Cay, Cags CAy, Cpipy CWis CWas
cp, and cp,. After disregarding some of them because they are proportional to the energy
of the heavy quark (so they become subleading after using the heavy quark EOM), we find
that the only relevant operators are

M(3h)8/0 _ iQQ[qu“C?/Oqz][Bvcﬁ/oinhv] ’
M(3h sfo _ ig2[(jﬂ’a“AwC§/om][ﬁvC?/oiD ;TL Tl
MED = +62(q e (iv D) g [ CEoha)
M(sl)s/o = 4g [ql¢CS/o(szi)QZ][h Corohl
MED? = 0 (Giio™ rCiDE ) [ Cy o
MED® = 46215, C% il [hic™C i DER,)
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MED = 202 (G0 0 Ce ] [huio™ CL i DiE )
MEP? = £62[qspC @) [husC i D o)
MG = :‘393[_75C?/OQZ][Bv75C§/oilDihv] :
MED = L2 @0 CL o (ivD*) @) [huic,n Coroh]
MG = £ g2 GmspCe i D ) (7157 Coh)
M = L2 (@757 C2 o (10 D) @] [R5 1 Co o]
[
@

2.31
2.32
2.33
2.34
2.35
2.36
2.37
2.38

MG = £2(@75C31 Dy i) (s Coyoh]

(
(
(
(
(
(
(
ML = 202 @mCeiDEq) [huic CE ha] (

)
)
)
)
)
)
)
)

where z’D:[ =1 5# —gA,T* and 1D, =i 5# +9A; T, meaning the arrows over the
derivatives that they act over the fields in the left /right hand depending on the direction
of the arrow (they only act over heavy quark fields or over light quark fields), C* = 1,
Cs =T and o' = %[7“,7“]. It is also understood that in the octet case the covariant
derivative stands left /right of the color matrix when acting to the left /right. In our case, we
work in the rest frame, so that v* = (1,0) and h, = Q. Moreover, we are in the heavy-quark
sector, and not in the anthuark one, so we can project to this sector. Note that we have
not displayed the operator Mg, BUs/o because it is wrong (there are typographic mistakes
and even free indices) and should be corrected. Fortunately, as we will see later on, this
operator is not relevant for the computation of the LL running of the Wilson coefficients,
since the operators that are left are enough to absorb all the divergences coming from
one-loop diagrams. After all these simplifications, the previous operators can be written
as

Mo — 4 g2 [37'CL @] |Q1CE,iD Q)
MED" = F4%lan'°C0a[Q1C,D Q)
M = +¢?[aiCs, (D7) a)[Q1CS,Q)
MG = 407107, (iDF)a][Q1CL, Q)
MED? = £ ¢ (g °Ce,iD"*q)Q'CS,Q)

MG — 542 [37'C ] [QTie 7 o C,iD Q)]
MEP*? = 262377 °Ce ol [Qlie 7ot Ce iD Q)
M(3h 50 — +9s [QI%VOCS/OCHHQT ZCS/OZDHEQ] )
MG = 142 2[avsCe o] |Q e CE ,iD Q)
M = 22 an'yIC iDi ) [QTie ™ ot Ce Q)

2.39
2.40
241
2.42
2.43
2.44
2.45
2.46
2.47
2.48

~~ ~—~~ N ~~ ~~ ~—~ N —~
— — — — ~— — — ~— ~— ~—
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MG = 1427
M = +g2
MEDP = F¢%q
ML = 42

07:7°C D q][QTe ' C, Q1 (
@757'C,iDy @l [Qe'Cl Q) (2.50
75Cs/oZDliQZHQT ch/oQ]a (
0y CL,iD Fq][Qie 7 o Cy) Q). (
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We then have

ny
3 _ hl
OLG) =Y dNO,,, (2.53)
=1 m
where the O,, operators are all the possible linear independent combinations of the M
operators given in Eqgs. (2.3942.52)). In the present work, only those linear combinations
whose associated Wilson coefficient gets LL running will be defined. The discussion is

reserved to Sec. 2.5.11

2.4 Compton scattering

In order to explore the existence of physical combinations involving the Wilson coefficients
that we aim to calculate, i.e. c4, cum, ca,, Ca,, Casy Cay, Cwyy Cwa, Cpp, Cg, and cp,, We
compute the Compton scattering amplitude, which is the amplitude of the scattering of
a heavy quark with a gluonﬂ Qg — Qg. We compute it at tree level up to O(1/m?) in
the mass expansion and in the Coulomb gauge, though obviously the Compton scattering
amplitude is a gauge-independent quantity. It is precisely this property the one that will
allow us to identify gauge-independent combinations of Wilson coefficients.

We take the external incoming and outgoing quarks to have four-momentum p = (Ey, p)
and p' = (F{,p’), respectively. We take the gluon four-momenta as outgoing and label
them by k1, 7, a and ks, 7, b with respect to Lorentz and color indices. This also implies the
on-shell condition &Y = —|ky| and k9 = |ka|. We work in the incoming quark rest frame,
ie By =0and p=0, so p’ = —(k; + ka) and £} = —(k¥ + £9). In addition, we define
the unit vectors ny = ky/|ky| and ny = ka/|ka|. The relation

k|
1—*—%(1—}—1’11 '1’12)

k| = (2.54)

holds from four-momenta conservation.

By inserting the appropriate Wilson coefficients up to O(1/m?), the diagrams we have
to consider for the computation are listed in Fig. 2.1} We split the amplitude in its spin-
dependent A% and spin-independent A parts

Aijab Amab—i-.A”ab, (255>

where

3More precisely, we will compute the scattering of a heavy quark with a transverse gluon.
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Figure 2.1: Topologies contributing to Compton scattering at tree level up to O(1/m?). Dia-
grams are generated from these topologies by considering all possible vertices and kinetic inser-
tions contributing up to O(1/m3).
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2
g ¢ a
—|—C%W]k1| (1+mn; - )((a’ ny)n; keiik 4 o’(n; x ny)’ )[T ,Tb}ag
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2
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Fgg P57, - — i) (o) (77, T

?

8;‘; Iy [2(69(2 — 2my - ng) + 2nbnd) (1 4 0y - 1) [T T (2.57)

Note that cp, which is gauge dependent, does not appear explicitly. It only appears
implicitly through cys (as ey is related with cp by reparametrization invariance] [28])
One can also observe that three combinations of Wilson coefficients always appear in the
observable: ¢4, = ca, — 4cy, Cw = cw, — cw, and ¢, = cp, — 2cw,. These combinations,
together with the Wilson coefficients ¢4, ca,, ca,, ca,, ¢, and cy,, are physical quantities,
i.e. they are gauge-independent. This implies that the RGEs of these physical quantities
can only depend on physical quantities, in particular, on physical combinations of Wilson
coefficients. Later on, we will see that this is indeed the case. We suspect that individually
cMm, Cwy, Cw, and cp, are gauge dependent quantities, since our results are in agreement
with Ref. [33] (where the calculation was done in the Feynman gauge) at the level of the
SL precision for the physical quantities defined earlier, but we disagree for each of these
four individually.

It is worth mentioning that, for the observables we have studied (the Compton scatter-
ing here and the heavy quarkonium spectrum in Ch. , we see that cy, always appear in
the combination ¢4, = 2c4, + Ca,. A similar analysis for the elastic scattering of a heavy
quark w1th a massless quark shows that ¢ = cp + ¢ is physical. Note, however, that cp
and ¢! individually are not; indeed they are gauge dependent (for instance, see Ref. [3]
for a discussion on this issue).

4Even though we will introduce some controversy about this relation in the coming sections (the relation
found in Ref. [28] is satisfied in the Feynman gauge, but it is not in the Coulomb gauge), cps will be still
related with cp and with other gauge dependent quantities like ¢! and df!.
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For QED, we obtain

AT = AT+ AY (2.58)
where
& = 4—mQ\k1| [(QCFCk —¢s)((o x n1)'n] — (o0 X nz)'n})

+cs((a' . nl)n’feijk + (o - n2)n§eijk)
+c§,((a . nl)ngeij’“ + (o - ng)n’feijk + ai(nl X ng)j + aj(nl X ng)i)]
2 . . .
—(2ew, — 2ew, — csCp + s — QCFCi)ﬁ\kl\z((a' X ny)'n] + (o x ng)]n;)
e

—cp/p%|k1|2((n1 X nz)ja'i — (ng x ng)ia'j + e’jk(nl — nz)k(a' (g + nz)))

2
TP ) [es (0 x maPn + (o mne )

+c5((o - n2)nfe?* + o7 (n; x n,)") — 2crpci(o x n2)jng} : (2.59)
.. 1 2 ..
4 = oLy

- 2

3 ..
+$|k1‘2(5m((2 +4dcy — 2ca, + 2c5cp + ey — ca, — 20%)
+(2 + 405;1) — 2c4, + 2¢hcp — 2¢3 )10y - 1)

- 2
) ..
+%|k1|25” (C%w(l — 1y - nz) — 1)(1 -+ n; - Ilg)

. 9
ig y
+m|k1|2((c§; + A, — Chek) + Cpny - np)njn] . (2.60)
Note that there is no O(1/m°) contribution. Note also that, in the spin-dependent ampli-

tude, there is no O(1/m) contribution and that, in the spin-independent one, there is no
O(1/m?) contribution. Setting the Wilson coefficients to their tree level values we obtain

.. 2 . . . . .. ..
& = #|k1| (o xni)'n] — (o x ny)’nl, + (o - nl)nlfe”k + (o - ng)n’;e”k

+(o -ny)nke’* + (o - ny)nfe* + oi(n; x ny) + 67(n; x ng)i]
+4_m3|k1|2(1 +n;-ny)(—0’(n; X ny)" — (o - ng)nlfe”k

+(o x ny)’nly, — (o - ny)nked*) | (2.61)
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iy [T tg 2 i
Agr = —Ew‘f‘ﬁﬂﬁlw(l—l—nl'm)
997 e (5 i
_4m3|k1‘ (6“ny - ny — nyny ) (1 +mny - ny) . (2.62)

These expressions agree with Eq. (19) in Ref. [40].
The above analysis gives us the set of Wilson coefficients and their combinations that
appear in physical observables:

{047 CAl’ EAQ? CA37 CA47 EW) 6317 CBzv Cp’p} . (263>

We compute the anomalous dimensions for these, but also for the unphysical set:

{047 CM;CA;5CAyy CA3y CAys CWy 5 CWo s CBy 5 CBy, Cp’p} ) (264>

in the Coulomb gauge, as it can be important for future research about the possible gauge
dependence of these Wilson coefficients, and also it is an intermediate step we can not skip.
For completeness, we also define polarizabilities. The concept of polarizability is po-
tentially ambiguous, as it is defined after subtracting what are called Born terms (which
indeed can be defined in several ways) from the Compton scattering computation. Indeed,
this discussion already appears in the context of QED in the elastic scattering of photons
with protons (see, for instance, Refs. [41) 42] [43]). One possible definition is the one used
in Ref. [44], which adapted to the notation of the present work reads
3 _
4%0@1 = —cyqy — c—;b +cp—cp+1, (2.65)

4m3

o Bur = —1+ca, . (2.66)
Note that, even in QED), the polarizabilities are not low energy constants, as they depend
on the renormalization scale.

2.5 RG improved Wilson coefficients of the 1/m?® op-
erators with LL accuracy

In this section, we obtain the renormalization group improved expressions of the Wilson
coefficients associated to the 1/m? operators of the HQET Lagrangian with leading loga-
rithmic approximation, which includes the heavy quark chromopolarizabilities. In order to
do so, we need to determine their anomalous dimension with O(«) accuracy. Our analysis
includes the effects induced by spectator quarks.

In principle, one would like to only compute irreducible diagrams. However, as indicated
in Ref. [35], this would involve considering a more extensive basis of operators, including
those that vanish on shell. Instead, since we want to work in a minimal basis of operators,
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we will also need to consider reducible diagrams in a computation that resembles that of
an S-matrix element.

In particular, we will compute the divergent part of the amplitude for the elastic scat-
tering of a heavy quark with a transverse gluon, which allows to determine the anomalous
dimensions of the heavy-gluon operators, and of a heavy quark with a massless quark,
which allows to determine the anomalous dimensions of the heavy-light operators. Both
computations are carried at one-loop order. In general, external particles will be consid-
ered to be on shell i.e. free asymptotic states, so the free EOMSE| will be used throughout.
The computation is done in the Coulomb gauge and in dimensional regularization. The
divergences coming from Feynman diagrams cancel with the divergences of the Wilson co-
efficients determining their anomalous dimension. The computation is organized in powers
of 1/m, up to O(1/m?), by considering all possible insertions of the HQET Lagrangian
operators. This statement requires some qualifications once 1/m?3 operators with massless
fermions fields are involved. For those, we do not seek the anomalous dimension of all their
Wilson coefficients and we are not exhaustive in the search of a complete basis of opera-
tors. The reason is that most of them start to contribute at NLL, playing a subleading role
in heavy quarkonium physic{’} We will only consider those that get LL running paying
special attention to those that contribute to the LL running of the chromopolarizabilities.

As a cross-check, we will also compute the elastic scattering of a heavy quark with a
longitudinal gluon, which allows us to determine the anomalous dimension of the combi-
nations 2cy4, + ca,, 2ca, + ca, and cp, + cp,. Furthermore, we compute the one transverse
gluon-matrix element of the heavy quark, which allows us to cross-check the anomalous
dimension of ¢4, car, cw,, cw, and ¢yp,. In the latter, only irreducible diagrams enter the
calculation.

It is important to recall that the Compton scattering analysis at O(1/m?) showed that
C4, CAy, Cay = Ca, — 4Cpp, Cay, Cay, Cw = Cw, — Cwy, CB, = CB, — 2Cw,, Cp, and ¢y, are
physical combinations i.e. they are gauge-independent. This observation will be crucial
in order to determine which combinations of Wilson coefficients associated to heavy-light
operators are gauge-independent.

The Wilson coefficients of the kinetic term will be kept explicit for tracking purposes
even though they are protected by reparametrization invariance (¢ = ¢4 = 1 to any order in
perturbation theory) [45]. We will compute the LL running of ¢4 as a check. The Wilson
coefficients ¢,, = cp — 1 and the physical combination ¢y = cw, — cw, = 1 are fixed
by reparametrization invariance [28], as well. We will check by explicit calculation that
all these relations are satisfied at LL. In principle, ¢y, is also fixed by reparametrization
invariance. It was originally determined in Ref. [28]. Recently, a new result, 2c), =
cp — cp, was obtained [44], which differs by a sign of the old one. Working off shell, our
computation in QED in Sec. indeed confirms (at one loop and in the Coulomb gauge)

5The heavy quark EOM is E = ck%, the massless quark EOM is §, = 0, i = 1,2 and the gluon EOM
isk? = (k)?,i=1,2.

6They play a subleading role, for instance, in the determination of the N3LL heavy quarkonium spec-
trum. Indeed, only the ones associated to spin-independent operators are needed to this order. The Wilson
coefficients of the spin-dependent operators start to be relevant at higher orders and they are computed
just for completeness.
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2¢pyr = ¢p — cp. Nevertheless, in QCD working on shell and in the Coulomb gauge, we
observe that this relation is not satisfied. More precisely, the RGE we find for c¢j; at one-
loop order is not equal to the one of cp —cp. The constraints imposed by reparametrization
invariance once operators with light fermion fields are included have also been studied in
Ref. [44] for the QED case, where the relationd] d = /16 and di = —ch!/16 were
deduced. The results we have obtained for QED are in agreement with these relations.
However, for QCD working on shell and in the Coulomb gauge the relation for d? is
violated, as it happened with cy;. More precisely, the RGE we find for d} at one-loop
order is not equal to the one of ¢f!/16. Indeed, we can see in Sec. and in App.
that the violation of these two equations seems to be related. Nevertheless, the Wilson
coefficient d does not enter into the running of the chromopolarizabilities.

The Coulomb gauge will be used throughout this computation. On the one hand, this
significantly reduces the number of diagrams but, on the other hand, the complexity of
each one of them increases. It also makes it difficult to use standard routines designed for
computations of Feynman diagrams in covariant gauges and relativistic setups. However,
since we are only looking for the UV pole, the calculation is feasible. The renormalization
of the heavy quark field, gluon fields, the strong coupling g and the Wilson coefficients
cr, cp and cg are needed. The relations between the bare and renormalized fields and
couplings are

9B = ZggR, AB = ZX/QARa AO = Zi{)2AOR7 wB = Z}1L/277Z)R7 dB = Zl1/2QR7

Ck,B = Ck,r, CFrB=CFrr+0Cp, Csp=Csr+0Cs, Cpp=Cpr+ocp, (2.67)

where the subscript B stands for bare and R for renormalized quantities. Often the sub-
script R will be removed in the following when it is understood. In the Coulomb gauge,
the renormalization constants read (we define D = 4 + 2¢ and d = 3 + 2¢):

_ 11 al 2 al Cypal 2 al
7 1 O —= — ZTn—= ZVr A S
A g + 6 A47re 3 an47re7 A 2 4re 3 an47re’
8 , al al p’4  al
2270 =14 -Cy—=, Z=14+Cp—=, Zn=14-—-Cp—=
g oA +3 Adre’ : + Far e’ h +m23 Fyr e’
1 1
dcp = —cp RCAg_ ,  0cg = —2cF RCAg_ ;
k 4 € ’ 47 €
1 9 9 al
dep = -3 (11Cacp,r — 16(Ca + Cr)ci g — 5Cact i) ymr (2.68)
where
N2—-1 4
Cp=—=£ = = Cy=N,=3. 2.69
F=ToN, T 37 A (2.69)

Since for any Wilson coefficient ¢; 5 = ¢; gr(v) + d¢;(v), once the counterterm d¢;(v) is
determined, its RGE can be obtained from the expression

"Look at Egs. (2.72) and (2.75) in order to see the operators with associated Wilson coefficients d}!
and di'.
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d d
voCiR = —1/5502- = Ye; » (2.70)

where ., is the anomalous dimension of the Wilson coefficient ¢;, which is a finite quan-
tity. We will only present explicitly the RGEs, but a reader interested in obtaining the
counterterms can do it straightforwardly from the anomalous dimension

1
Ci,B = Cin(V) — 2_€ch . (271)

2.5.1 Anomalous dimensions of 1/m? heavy-light operators

Let us consider firstly the inclusion of spectator quarks to the computation. The coefficients
b, ! and the ones associated to 1/m? light-light operators are NLL, and we will neglect
them in the following. The ¢!, associated to 1/m? heavy-light operators, were computed
with LL accuracy in Ref. [32]. The Wilson coefficients ¢l and d, the latter associated
to 1/m? heavy-light operators, evaluated at the hard scale are of O(«a), so at the order of
interest, i.e. at leading order, their matching condition is zero. This is so because such
operators can not be generated at tree level in the underlying theory, QCD. Given this
condition, the only way they can get LL running is through mixing with other Wilson
coefficients that get LL running.

In order to determine which operators of Egs. (2.3942.52)) are relevant i.e. which
operators get LL running, we compute the scattering of a heavy quark with a massless
quark at one loop order. As previously mentioned, the Wilson coefficients associated to
these operators will get LL running if there is a mixing with other Wilson coefficients
that get LL running. That is, if there is a mixing with the Wilson coefficients of the
heavy-gluon sector up to O(1/m?) or with the Wilson coefficients associated to heavy-light
operators up to O(1/m?). Obviously, one also has to compute the self-running with the
Wilson coefficients associated to the O(1/m?) heavy-light operators which get LL running.
Divergences coming from Feynman diagrams will be absorbed in the Wilson coefficients d/*
determining their running. What we find is what we already advanced in previous sections,
not all the operators in Eqgs. (2.3942.52)) get LL running, but only a combination of some
of them. The other possible operators are irrelevant for our calculation because their
associated Wilson coefficients do not mix with Wilson coefficients that get LL running and
their matching condition, i.e. the Wilson coefficient evaluated at the hard scale, is zero at
tree level. At least their matching condition is O(«). These two properties together make
the contribution of these operators subleading. In particular, there are eleven different
operators relevant for our discussion, which read
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0, = M3h)"+M(3h , (2.72)
Oy = M+ MP° (2.73)
05 = M+ MP (2.74)
O, = M3h>O+M<3h (2.75)
05 = MSh)S+M73_h : (2.76)
05 = M +M(3l (2.77)
07 = M+ MP* (2.78)
O = MH +M;’i , (2.79)
Oy = ME* 4 pme (2.80)
On = MG — M, (2.81)

)

On = MO — M (2.82
where Eqs. (2.7212.74)) are spin-independent operators, so they are relevant to obtain the
N3LL heavy quarkonium spectrum, whereas Eqs. (2.75H2.82) are spin-dependent ones,
so they start to be relevant to compute the N*LO heavy quarkonium spectrum. The
Feynman rules associated to these operators are displayed in App. [B.I] The running of
these operators is obtained from the topologies drawn in Fig. 2.2l They produce around
124 diagrams to be computed without counting crossed and inverted ones. The RGEs we
obtain are

d 1 1 1 1 ) «Q
V@d}fl = |:Z(2B() — 30A)d’fl — CA <%CM - @CS’CF - 1—60i - aCkC%v):| ; ,(283)
d 4 17 B\ 1 1
Edhl = |:dgl (gCF - ECA + ?> - chle 1602 CFCA
1 1 1 1
— (8OF - 30,4) <24CM - %CA2 + 1664 + &CSCF
5 5 9, 1 1, \e
_4_8Ck 24 CkCF + T + 64 ck>] o (2.84)

yidhl = |: (gCF 50) dhl CF(CA — 2CF) (LCM — 1 —CA, — iCA4

dv ? 2 12 487 48
1 1 ) 5) 1 1 o
+864 + 54 CSCF ~ ﬂ Eckc% + SCDCH + gc?lck>] — (2.85)
d 1 1 1
I/Edill — {(SCF —3C},) (32 320% + Ecp/p + 6—4050k
1 ) 5) 1
— 35 0SCF — SQCFCk 64CFCk) - ZdT(?)CA - Qﬁo)] ) (2.86)
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Figure 2.2: Topologies contributing to the LL running of the Wilson coefficients associated
to the 1/m? heavy-light operators. The first diagram is the tree level diagram multiplied by
the renormalization of the external fields and coupling. The other diagrams are the one-loop
topologies that also contribute. In general the depicted gluon can be either longitudinal or trans-
verse. All possible vertices and insertions with the right counting in 1/m should be considered
to generate the diagrams.

d . a 1 1 1 1
- - = 20 — _ = - — e, — =
dedg’ . |:CF( CF CA)( 160W1 + 16CW2 8Cpp 32CSCk
1 5) ) 1
+1—6€SCF + 1—60F6i — EC%Ck) + §dgl60] , (287)
d al 1 1 5} 1
l/d—ydgl = ; |:1—9263ch + @CsCFCA — %C%CkcA + 6—4€glCF(8CF — 30,4)
1 1 4 1
+ECZICF + gdfjl(8OF —304) + gdf;l + 6d’gl(5(JF — 504 + 3f)
) 1
+Ed§l(20F —Cy) + Ed’féCA} : (2.88)
d 1 2 1
I/d_yd?l = % {— CF(2CF — CA) (@CSZCF + gdzl) + éd?l(5CF + 350)
)
], 259)
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d o} 1 1 1 1 1

7 ghl e o o o -
v 7| T 32mCa T qgpemCa — ggemba = meperCa = mesalia
1 5 1
+—192656FCA + @CFCiCA 96chkC’A 6401 LepCly — 1662 ck(SCF —3C}%)
1 1 1
+3—262 CF(8CF — 30,4) — 164 Cr. + 8CTCF —2d2l<80}7 — 30,4)
1 1 1
—gd’gl + 6d’gl(scF —204) + §dgl(CF =204+ B) + gd’féCA] , (2.90)
d 1 1 1
V@dgl = i|:CF(20F_CA><§CQ Ck—E C —|-6d ) +§d}71lCF
1
5 (Cr + 50| (291)
d all 1 7 1 1
_dhl — ,
a0 [48 cwy Oa+ qgpemala = ggamCa = ggemCa+t ggcrsCa
1 1 7
— Cy+ — Cyp— — C C
+128CDCF AT+ 96CSCk A — 384CSCF A+ 64CFCk A
1 1 1
—|——12801 CFCA — 12862 CF(8CF — 30A> — 3—262lCF
1
2 e dN(8Cr — 3C,) + 6dhl 24dh’(4cp —3C})
—Edh’(QCF —Cy) — 2461%(11@ — 1250)} : (2.92)
d « 1 1
V@d’fi = ; |:CF(2CF — CA) (64 thF — Edzl) — éd?lCF
1 1
_gdglcF + éd’fiﬁo] . (2.93)

Note that, as we previously advanced, d? does not satisfy reparametrization invarianceﬂ.
However, we will see later on that it does not contribute to the running of the gauge-
independent chromopolarizabilities. The RGEs of the remaining Wilson coefficients d?,
with ¢, > 11, have the structure

s hi
v—d; —A A (2.94)

dv 4%

and, for this reason, they are NLL.

8See Sec. and App. for a more detailed discussion about this issue.
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2.5.2 Anomalous dimensions of 1/m? heavy-gluon operators

Let us consider the 1/m?3 heavy-gluon operators. Firstly, for the pure gluonic sector, we
have that ¢f is NLL, so we will neglect it in the following.

The running of the unphysical set of Wilson coefficients, Eq. (2.64), is determined from
the topologies drawn in Fig. [2.3] From these, we generate all possible diagrams up to order
1/m3 by considering all possible vertices to the appropriate order in 1/m and/or kinetic
insertions, which correspond to the expansion of the non-static heavy quark propagator.
Note that diagrams of lower order than 1/m? also must be considered, at least those that
depend on the energy, as the use of the heavy quark EOM, E = ck%, adds extra powers
of 1/m. This generates around 420 diagrams (without taking into account permutations
and crossing) in both cases: the elastic scattering with a transverse gluon and, similarly,
with a longitudinal gluon.

In the case of scattering with a transverse gluon, for diagrams proportional to 1/m?
operators, only irreducible ones need to be considered. Note that this is not true for the
case of scattering with a longitudinal gluon because the Coulomb vertex does not add extra
powers of 1/m. When one considers diagrams proportional to iterations of 1/m? and/or
1/m operators one also has to consider reducible diagrams in both cases. One has to keep in
mind that Taylor expanding reducible diagrams in the energy can produce non-local terms
which cancel at the end of the calculation and all divergences can be absorbed by local
counterterms that correspond to operators of the Lagrangianﬂ It is also worth mentioning
that we find that the sum of all reducible diagrams whose sub-irreducible one-loop diagram
is 1/m or below (1/m? or below in the case of the scattering with a longitudinal gluon)
cancel with the renormalization of the tree level reducible diagrams. Therefore, non-local
terms coming from expanding these diagrams in the energy vanish at all orders in the
expansion.

Let us consider the calculation of the one transverse gluon exchange, which has a pecu-
liarity which deserves a comment. This calculation allows us to determine the anomalous
dimensions of c4, ¢, cwy, Cw,, Cyp and cg. The necessary topologies to produce the di-
agrams are shown in Fig. 2.4, They produce around 100-120 diagrams without counting
inverted ones. Note that there are only irreducible diagrams in this case. What is inter-
esting in this calculation is that one obtains a spin-dependent structure which does not
look like any structure of the spin-dependent 1/m? operators, i.e. the 1/m? vertices with a
single transverse gluon. So at first sight, it would look like a problem, since the divergence
proportional to this structure could not be absorbed by any operator in the theory, leading
one to suspect that there might be operators missing. However, this is not the case. The
explanation is the following: in principle, one would consider cg as an O(1/m?) operator.
Nevertheless, the vertex with an external transverse gluon is proportional to k°, so it be-
comes O(1/m?) after using the heavy quark EOM. Once we use it, the resulting structure
is the one that could not be absorbed by the 1/m? operators. Therefore, in order properly
renormalize the theory and to determine the running of ¢g through the calculation of the

91f we only compute irreducible diagrams we would need a larger number of operators, in particular
those that vanish on shell.
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Figure 2.3: Topologies contributing to the anomalous dimensions of the Wilson coefficients
associated to 1/m? heavy-gluon operators in QCD. The double-line represents the heavy fermion,
whereas the curly line represents either a transverse or a longitudinal gluon. Both external
gluons are transverse or longitudinal depending on the kind of scattering we are considering. All
diagrams are generated from these topologies by considering all possible vertices up to O(1/m?).
Tree level diagrams should be understood to be multiplied by Wilson coefficient, field and strong
coupling counterterms.

one transverse gluon exchange, one must consider this operatoﬂ as an O(1/m?) operator.

10The operator proportional to cg responsible to the one transverse gluon exchange.
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Only in this way is the correct running of cg (expected from reparametrization invariance)
obtained. So everything must be made physical, meaning put on shell, in order to arrive
to proper results. Note that the running of cg will appear also in the determination of the
running of Wilson coefficients at higher orders in 1/m if it is done through the calculation
of the one transverse gluon matrix element of a heavy quark, because the heavy quark
EOM has corrections in 1/m. In particular, it will appear at O(1/m?®). This is important
to keep in mind in future calculations. Another important aspect of the calculation is
that it allows us to determine the running of cj; independently of c4,. The result is in
agreement with the one obtained from the two transverse gluon exchange, which in turn is
in disagreement with reparametrization invariance.

Figure 2.4: Topologies contributing to the one transverse gluon exchange. All diagrams are
generated from these topologies by considering all possible vertices up to O(1/m?). While the
external gluon is transverse, internal gluons must be understood as either longitudinal or trans-
verse.

Since we work in the massless limit, diagrams proportional to d? do not depend on the
specific light fermion, so the result of each of them has to be multiplied by the number of

light fermions n;.
The RGEs for the unphysical set Eq.(2.64)), in the Coulomb gauge, read

d
—cy =0 2.95
dec4 ) ( )
d al7 1 1 1
V@CM = E ECMCA -+ §C4CA — gCSCFCA — 6Ci(8CF + 1].CA>
1 16
—EC%C;CCA -+ ?d}flTan s (296)
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1 7 2
ECAQCA + 1OC4CA + CMCA - ECSCFCA — gCi(ZlOCF + 39CA)

4

15 64
7C%CkCA + ?Tpnfd?l +

1
C —cyuC Cy—— C
480A2 A+120M A — 24CA4 A 24CSCF A

73 16 32
CFCkCA + EdthFTLf —d CATFTLf:|
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e o (2.99)

11 11 11 8 17
12CA2CA ECMCA + G CA4CA + SC4CA — ECSCFCA

31 64 128
5 —cherCy — gd’”Tan Td CATan} (2.100)

13 7 1 1 1
|:12CW10A+ 120WQCA 4CBICA——CBQCA+

ne
3 A

ﬂcpp

7 1 1
+ﬁCSCkCA — ECSCFCA 12CFCk(160F + 150,4)

1
+LcheiCa — Ty, (gd’g’ Sl éd}l‘é)] | (2.101)

al 7 13 1 1 1
|: Cp pCA

120W10A+ 120{/{/20,4 40310A—§CBQCA—|—24

5 1 1
—ﬂCSCkOA — ECSCFCA 120Fck(16CF +3C},)

1
S §dhl —Gd’fé)] : (2.102)

7
—I—gc%ckCA - TFTLf (g 6 3 ] 3

all 1 1 7
E |:60W10A + ECWQOA + CBloA — gCB2CA + 12
1 1

12cSckCA — ZCSCFCA + 6CFCkCA + 5

3 8 32
12640~ Teny <§dg‘l sd Ed%)] | (2.103)

CppCA

chkC’A
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d « 1 7 4 1
I/ECB2 = ; {CW2CA — §CBch + ECBQCA — §CSCk(4CF —+ CA) — ECSCFCA

4 2 3
+§CFCi(2CF — CA) + —C%»CkCA — —C%CA

3 2
1 1
—Teng —Gdg” + —6dgl : (2.104)
3 3
d all 1
V@Cp/p = ; |:§Cp’pCA - §CSCkCA + CFCiCA . (2105)

Note that, as we previously advanced, ¢, does not satisfy reparametrization invariancelﬂ.

2.5.3 Anomalous dimensions of physical quantities

Previously, in Sec. and Sec. we found the running of the Wilson coefficients
associated to the 1/m? HQET Lagrangian operators including spectator quarks. However,
it is well known from the analysis done in Sec. that Eqs. (2.96, [2.98 [2.101}2.103) are
not physical. The gauge dependence of these RGEs imply that Eqs. (2.83] [2.88} [2.90] 2.92)
are also gauge dependent.

The aim of this section is to find the RGEs of the gauge-independent combinations of
Wilson coefficients. For the heavy-gluon operators, these combinations were found in Sec.
2.4 So the next step, is to compute the RGEs for the the known physical quantities ¢,
CA,, Cay = Ca, — 4Cpr, Cay, Ca, Cw = Cw, — Cw,y, CB, = CB, — 2Cw,, Cp, and ¢,,. They read

d
UECZL = 0, (2106)
d all 11_ 1 1
I/d—Z/CA1 = ; |:§CA10A — 4—80A20A - C4CA - ﬁCSCFCA + gCi(lfSCF + 110A)
3 73 16
+§c§;CA - ﬁc%ckCA - gd’ngan} : (2.107)
d _ o' 11_ 1 8
I/@CA2 = ; l — CAch + ECAQCA + 8¢c,C 4 + ECSCFCA — gCi(SCF + 7CA)
43 64
—3c3Cy — Ec2Fck(JA + gd’;lTan] , (2.108)

See Sec. and App. for a more detailed discussion about this issue.
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d «a 1 11 11
VECAB = ; |: — écAlCA 48CA20A 24CA4CA 24CSCFCA — §CFCA
73 16 32
+—CFC]€CA + — dthF ny — —d CATan (2109)
24 3 3
d « 11 11 8 17 8
VECA4 = ; [CAch + 120AQCA + 6 CA4CA + 3C4CA — ngCFCA 36%0,4
31 64 128
—f-?)C?l);OA 6 CFCkCA — ?d lTFTLf ?dQZOATFTLf} s (2110)
d 1 1
V@EW = % [§EWCA + §CsckCA — chzC’A} =0, (2.111)
d _ al|3_ _ 1 1 1 1
I/d—ycB1 = p |:§CB10A + ewCy — 126320A + Cp pCa — 2CSCkCA + ECSCFCA

7 3

1
+—CFCi(8CF + 110A) 12

3

d « 1 7 4 1
l/d—VCB2 = ; |: — 55310,4 —cwCa + BCBQCA — gCSCk(ZLCF + CA) — ECSCFOA
—I—%c 290 — O4) + 22 330— 16 g 2.113
5Crce(20r — Ca) + geperCa — A= 5 dgTrny ), (2.113)
d all 1 d
v Gl = [écp/pCA - §cSckC’A + chzC’A] =V CF- (2.114)

The last equality in Eqs. (2.111)2.114)) can be easily deduced by using relations between
Wilson coefficients imposed by reparametrization invariance (¢ = 1, ¢cg = 2cp — 1 and
cyp = cp — 1) [28]. In general, we find that reparametrization invariance is satisfied
(s =1, cw, —cew, = 1, ¢y = cp — 1 and di = —clb!/16) even with the inclusion of
spectator quarks, but this is not true for 2c); = c¢p — c¢r and d = /16 (See Sec.
and Sec. . This leads us to think that these two relations depend on the gauge, and
that in particular, they are satisfied in covariant or Feynman-like gauges, but they are not
in gauges that break Lorentz invariance, like the Coulomb gauge. Instead, we propose the
following relation between these Wilson coefficients: 2c¢; + 16d’1‘l =cp+ c?l — cp, which
is satisfied in both, the Feynman and the Coulomb gauges. If we define a new physical
quantity d?* = cj; + 8d?, the previous relation can be written as 2d?! = & — cp. Since &
and cp are well known to be gauge-independent, also d? must be. We must understand
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the proposed relation as an ansatz, so it should be demonstrated more rigorously. It is
quite remarkable that if we determine cy; in the Feynman gauge using 2ci¢ = B¢ — cp
(the superscript refers to quantities in the Feynman gauge) and compute d*F¢ in the
Feynman gauge through the relation d? = c§¢ + 8dM¥C (where d has been computed
in the Coulomb gauge, but it is supposed to be a gauge-independent quantity) we ﬁndH
that di¥¢ = cM¥G /16, which strengthens our argument that these two relations are gauge
dependent, satisfied in the Feynman gauge, and that the truly gauge invariant relation
that reparametrization invariance should obtain is 2d?! = & — cp.

Let us find the physical combinations involving the Wilson coefficients of the heavy-
light operators. On the one hand, from Eqs. (2.106{2.110) we learn that di and d}' are
physical quantities because they appear in the running of physical quantities and they
do not combine with each other. Note that the RGE of di' = ¢j; + 8d" only depends
on physical quantities and on d? itself (see Eq. ) This, together with the relation
2cp+16d% = cp+c —cp which is satisfied in both, the Coulomb and the Feynman gauges,
makes us to think that this quantity is gauge-independent, since the right hand side of the
equation is well-known to be gauge-independent. Also note that nor d?, neither d* appear
in the running of the chromopolarizabilities, so they are not necessary to determine their
running. On the other hand, from Eqs. (2.111}2.114), we learn that d}! = dh + dl
must be physical, as it appears in the running of physical combinations. Indeed, since the
running of d2 and d? can not be written in terms of gauge-independent quantitie, i
must be a physical combination, whereas d2 and d?' alone are gauge dependent. The gauge
independence of the RGE for d2 also implies the existence of another physical combination,
czhl = 8dM+-8d} —cyy, , whose running also depends only on physical quantities, as expected.
The running of these two physical combinations also depends on d and d2', which happen
to be gauge-independent, as their running only depends on physical quantities and on
themselves, and they do not combine with any gauge dependent quantity in the running of
gauge-independent combinations. In particular, d}' satisfies reparametrization invariance
(it = —ch'/16) [44]. The Wilson coefficients d!, d4' and d? do not mix with ¢, cw,
CBy, CBy, A dB dB and d7%, so they are not necessary to determine their running. Since
they do not appear in known physical quantities we do not dare to talk about their gauge
dependence. The RGEs for the physical set of heavy-light Wilson coefficients read

d 13 7 4
V@dz”l = |:12dthA -+ C4CA - ﬁCSCFCA - gcz(CF + CA)
13 Q
24CFCkCA:| 7T (2115)

12See App. for a detailed discussion.

131f one assumes that d?' and d2!' are gauge-independent, their RGEs can be written only in terms of
cw, and d}f(l), which should combine in a gauge-independent way. However, the combination in the RGEs
of d¥ and d}' is different. Therefore, this possibility must be discarded.
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yﬁd’;l = - { — 5di;l(JF(z(JF —Cy) + ad’;l(50p +38) + 6d’glcp
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d afl 1 1
1 hl 1 hl
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d « 1 1 1 1
Ly = 2 ( O (20— Ca) — e — Lt LGy
1

As before, the last equality in Eq. can be easily deduced by using relations between
Wilson coefficients imposed by reparametrization invariance. It it quite remarkable that
the RGEs depend only on gauge-independent combinations of Wilson coefficients: ¢a,, ¢y,
g, A, dM dtt and d". This is a very strong check, as at intermediate steps we get
contributions from cp, cur, €4,y Cwys Cwas Cayy CHL dP dB dB and d which only at the
end of the computation arrange themselves in gauge-independent combinations. Note that
we include the Wilson coefficients d%', di' and d% despite of we do not know if they are
physical or not. We do so because we will solve also these RGEs in the next section, as it
can be useful in the future.

2.5.4 Anomalous dimensions: The QED limit with n; =0

In this section we analyze the purely Abelian case of QED without spectator effects. To do
this, we just need to take the appropriate limit of the results found in Sec. 2.5.2]i.e. to take
Crp=1,C4=0and ny = 0. Note that the operators proportional to ca,, ca,, cp, and cg,
do not appear now. The diagrams that contribute are obtained from the topologies drawn
in Fig. and Fig. disregarding the non-Abelian ones. The result is the following

L s2al 38l n 340 1
C4B = C4 CMB =CpM T Cpn—— CAy\,B=CAy —Cp5—— CA,, B = CA Co———
’ F3me’ ! ! F3me’ ? 2 k3 e
4 al 4 al
2 2
Cw,y,B = Cw; + gCFCkCFgg s CWeo,B = CW, + gCFCkOp’;i s Cp'p,B = Cp'p (2125)

where the subscript B stands for the bare Wilson coefficients, whereas the renormalized
Wilson coefficients do not have associated subscript. The first and second lines of Eq.
are Wilson coefficients associated to spin-independent and spin-dependent opera-
tors, respectively. We obtain the following RGEs
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d d 34« d 316 d 380 v

Vol = 0, Voo = —ckgg, Vool = Ck?;’ vooCay = _CkE;’
d 4 « d 4 Q d
V@CWI = —chciCF; , l/d—ycw2 = —chciC’F; , VECp/p =0. (2.126)

This result is in agreement with the explicit SL results given in Refs. [33] 34], where the
calculation was done in the Feynman gauge. This is not that strange; for instance, the
running of ¢p in QED happens to be equal in the Coulomb and Feynman gauges (see the
discussion in Ref. [3]). The analysis done in Sec. suggests that the physical objects are
still ¢4, and ¢y, though. It is important to mention that, in order to determine the running
of c)r and c4, separately from the scattering of a heavy fermion with a transverse photon,
we had to consider the photons to be off shell; otherwise, we could not have distinguished
the Feynman rule of ¢y, and cy, but only of the physical quantity c4,. In QED, this
seems to be fine. However, the running of c¢); can be obtained from the one transverse
photon exchange independently if we work on shell or off shell. For QCD, working off
shell produces divergences that can not be absorbed by the operators of the Lagrangian,
so a more extensive basis of operators would be needed. That is the main reason we have
worked on shell.

In the QED case, the obtained results are in agreement with the reparametrization in-
variance relations given in Ref. [28], since ¢4, ¢ and ¢, do not renormalize (reparametriza-
tion invariance fixes ¢4 = 1, ¢y = 1 and ¢y, = c¢p — 1, and cp does not run at one loop in
QED), and the relation 2c); = ¢p — cp is satisfied.

2.5.5 LL running: solution and numerical analysis

In this section we solve the RGEs for the physical quantities found in Sec. [2.5.3] We
only solve these because they are the combinations that always will appear in observables,
whereas the RGEs found in Sec. or Sec. may depend on the gauge, and as a
consequence, will never appear alone in observables. These RGEs can be written compactly
by defining a vector

— hl  ghl = hl  3Jhl Jhl ghl jhl jghl
A. - {CA17CA2,CA3,CA47d2 ,dg 7CB17CB2,d5 7d8 7d107d7 ,dg 7d11 . (2.127)

Note that we do not include the RGEs of ¢4, ¢yp, ¢w and d?' because their solution
can be easily found using the reparametrization invariant relations given in Refs. [28] 144],
for which their RGEs are in agreement. The Wilson coefficient d? is nor included because
it can be obtained from the new relation 2d" = & — cr. Note that d?' and di' can be
determined analytically using the analytic expressions of ¢/, ¢4 and cx [32] (see App. [B.2).
Therefore, we will not give explicit expressions for any of them. As pointed out in Sec.
, we do not know if the Wilson coefficients d, di! and d? are physical or not, but we
will solve their RGEs anyway. The RGEs are simplified to the single equation

dA_g

V— =
dv T

(MA + F(a)). (2.128)
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The matrix M and the vector F follow from the RGEs given in Sec. As it can
be seen, the matrix M is not diagonal, so there is a mixing between the different Wilson
coefficients which lead to a coupled system of differential equations. The only dependence
of Eq. with the energy scale is through the strong coupling «. Therefore, in order
to solve the system, it is more convenient to write Eq. in terms of a derivative
with respect to the strong coupling instead of with respect to the soft scale v. Since we
are only interested in the LL running, it is enough to take the one-loop g-function i.e. the
LL running of the strong coupling «,

da Qo
v = Bla) = —2a {B‘JE +oo b (2.129)
which leads to the well-known solution
a(m)
a(v) = ) 2.130
v) 1+a(m)§—frln (%) ( )
where
11 4
Bo = 30,4 gl (2.131)

and ny is the number of dynamical (active) quarks i.e. the number of massless quarks. In

this approximation, the Eq. (2.128) can be simplified to

dA 2
do = e MA+E@). (2.132)

1
It is more convenient to define a new variable z = (3&%) ISy >=a(m)In(£) in order

to obtain more compact results. In terms of z the equation above reads

dA 2

In order to solve Eq. 2.133] we need the tree level initial matching conditions at the
hard scale vy, which is taken to be equal to the heavy quark mass m. On the one hand,
for the heavy-gluon operators, they have been determined in Ref. [28] and read ¢, = cp =
Cp =Cg=C =¢Cyq =Cw, =cp, = 1and cyy =ca, = cCay, = Ca, = Cw, = Cpp = Cp, = 0.
Note that the matching coefficients of the kinetic term are protected by reparametrization
invariance (¢, = ¢4 = 1 to any order in perturbation theory) [45]. Nevertheless, even if
we set them to one when solving the RGEs, we have kept them explicit in the RGEs for
tracking purposes. On the other hand, there is no tree level contribution to the Wilson
coefficients associated to heavy-light operatorﬁ, so their initial matching conditions are
AM=0,i=1,...4and d" =0,i=1,...,11. The Wilson coefficients ¢, cp, cs = 2cr — 1,
s =1,cpp=cp—1, ey =1, & B and di = —cB/16 are needed with LL

14The initial matching conditions of the c?! and d? are O(a) unless the operators can be generated at
tree level. This is not the case with the basis we consider, but it is if one eliminates the Darwin operator
cp i.e. if we work in terms of ¢}l
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accuracy. They can be found in Refs. [8 28, 32]. We summarize their expressions in Sec.
B.2]

After solving the RGEs we obtain the LL running of the physical combinations of
Wilson coefficients associated to the 1/m? operators of the HQET Lagrangian. For the
case without massless fermions (ny = 0), we obtain analytic results. They read
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24 192C 11 32C
g, = —— — A ) Oy 720 4 1,730
3 3Ca

i1 410,
1358 64 [2 298 368Cy  8Cp \f L
_Z00 2 2L 20 0 — “ (—16+v10)C4
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1358 64 [2 298 368Cs  8Cp \/5 .
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+ ( 123 41V5 123 123, 123, V5)°° (2.139)

After the inclusion of light fermions, the solution of the RGEs is numerical. We show the
result for ny = 4 light fermions where «(m) has ny active light flavours

5.9421  3.66729 x 1071 3.44328  2.07923
ca, 1.08839 x 107% + — -

2.56988
9. 8.33333 + 5799055  ,6.83333 56.5
2.31629  8.05227 10.0312  4.58085
-6 + o3, 287467 ,1.02367 ° (2'140)
_ 3.83509 x 10720 17.807 4.00069 x 10~  11.1876  6.49126
Ca, = 23.9049 — 14,5556 L0 + 8.33333 ©,7.99055 + -6.83333
7.90732 11.9489 16.1045 19.1876  8.5262 9 141
- 465 6. .3 + 5287467  ,1.02367° ( : )
1.11951  5.9421 12.652  3.44328  1.45822
Cay = —4T3174+ 5145556 9. 833333 ,7.99055 + -6.83333
1.5325608 x 10721 0.621007 5.10498  5.522246 x 10~2'  1.500000
+ ~A1/6 ,6.83333 .65 ~13/2 6
6.68835 1.500000  7.55227 10.0312  4.58085
L6 + 23 ) 5 2.87467 5102367 (2.142)
19 4.47804 17.807 50.6079 11.1876 6.49126  18.0477
€Ay —12.9779 — 14,5556 9. 833333 + 57.99055  ,6.83333 6.5
24.0697 14.1045 19.1876  &8.5262
+ 6. + o3, ,2.8T467 + 51.02367 (2.143)
0.101624  0.084417 0.0354398  0.0802099  0.0880307
hl
dy = —0.124078 — ) ©,7.99055 ,6.83333  ,6.83333 6.5
0.387618 1.04971 1.29563 0.125167 5 144
+ 6. + 3. L2.87467 5102367 (2.144)
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0.0310975  1.63677 x 107  0.263583  1.0633 x 10~
o
dy = 0.00135186 — - 14.5556 9. 8.33333 - 7.99055
1.56003 x 10720 0.0891247 0.144712  4.54348 x 1012
-6.83333 o 6.5 B 6. + 3.
1.68781 x 10~ 1.60402 x 10720
~2.87467 o 5102367 ) (2'145)
_ B 0.045788 13.6766  10.4869 0.0690 0.3586  1.83813
cg, = —0.695+ »11.333333 59762121 29 .8.333333 824892  ,6.833333
1.34179 1 4.49328  4.95805  3.290
6.519986 E >3.833333 - - 3.577865 B 53 (2'146)
B 5 0.065821 16.4471  13.4869 0.0493 0.2388  2.94100
cg, = —2.966— 511.333333  ,9.762121 9 © ,8.333333 | 824892  ,6.833333
4.6355 4.3137 15.2080 16.0570 7.572
,6.549986 .6  ,3.833333 ' ,3.577865 3 (2'147)
no 2.22704 -1072%2  5.46119-1072° 1.24130-10"2' 4.30351-102°
dy = 0.01— -11.333333 B 59.762121 595 29
0.00851190 3.836-1072% 1.10836-10"2!  9.1837-10~%
© ,8.333333 58.24892 6.833333 o 6.549986
0.01190476  5.1030- 10722 1.84872-1072' 0.0104167 914
B 6 »3.833333 o ~3.577865 53 ) ( : 8)
7 0.0069309 0.206216  0.211554  0.00663 0.03645 0.235510
s = —0.1149+ »11.333333 59762121 29 ~ ,8.333333 8.24892 -6.833333
0.090907 0.24908 2.88931 3.27297  0.1957 914
6549986 -6 © ,3.833333 | 3577865 ,3 ( : 9)
F 1 0.000658 1.52703 1.3162 1.39575 0.2628 1.024
10 = —0.851— ~11.333333 59762121 95 »9 58.333333 | 8.24892
0.81541 0.0125353  0.1392 7.7003 8.65108 1.890
6.833333 6549986 .6 ,3.833333 ' 3577865 ,3 (2.150)
0.0000799  3.346-1072*  4.0769-10"22  0.020957
Rl
d7 = —0.000867 + - 11.888889 511.333333 295 29
0.036600 3.188-10722 0.01792  4.0091-10~%*
8333333 8.24892 ,6.833333 /6.549986
0.000611  0.00086  2.06422-1072'  0.00002
B 6  ,3.833333 3577865 B 53 ) (2'151)
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0.0000479  1.5783 - 10~ 19232 10~22 ~0.009862

o
dy = —0.006752 + ,11.888889 ,11.333333 595 59
0.036600 1.504-10722  0.067979 1.89125-10"**
8.333333 + 58.24892 ©,6.833333 + 6.549986
0.019841 0.05322 9.7377-10722  0.025117
+ 6 3.833333 3.577865 o 3 ) (2.152)
z 23 23 z

0.00001598  7.019-107% 85531072  0.0006164

o
dyy = —0.000769 — 11.888889 »11.333333 9.5 59
0.006880 6.69-1072* 0.013287 8.4104-10"2®  0.009005
8333333 824802 ,6.833333 /6.549986 B 6
0.008295  4.33038 - 1072 0.005529
53.833333 3.577865 o 3 : (2'153)

Note that, if we are interested in the solution of the gauge dependent quantities in the
Coulomb gauge, we just must solve the RGEs given in Sec. and Sec. Notice
that the running of cs, and d? can be obtained in the Feynman gauge by using the
expression of ¢j; determined from the reparametrization invariance relation given in Ref.
[28].

The SL results can be found analytically by solving the RGEs of Sec. taking the
tree level values of the Wilson coefficients that appear and considering a as a constant,
a(m). They can also be obtained by expanding the above solutions in powers of a(m). We
obtain
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B 16 23 a(m) v 9
ca = 1+ (gcp + §0A> In (E) +O(a?), (2.154)

Ga, = 0— (%4017 + %CA) O‘(:l) In (%) +O?), (2.155)
cay = 0+ CAO‘(:l) In (%) +0(a?), (2.156)
ca, = 0— 4CAO‘(:L) In (%) +O>a?), (2.157)
= 0+ é (8Cp — 304 2y, (%) +0(a?), (2.158)
d = 0+ CF (Ca —2C5) (m) In <V> +O(a?), (2.159)
¢ = —1+ ( Cr + CA> + O(a?), (2.160)
cp, = (icF —CA> a(m), ( ) +O>a?), (2.161)
= éCF(2CF - CA)O‘(:T”) In (%) +0(a?), (2.162)
dg' = 0(a?), (2.163)
&= 14 (%CF - %0A> O‘(:T") In (%) +0(a?), (2.164)
&' = 0(a?), (2.165)
' = 0(a?), (2.166)
" = 0>?). (2.167)

It is important to realise that the SL does not depend on ny. Note that di and d?, for
1 =17,9,11, are zero at the level of the SL. This means that the first contribution will be
of O(a?In*(v/m)) and, as a consequence, their running is expected to be small compared
to the other Wilson coefficients because the SL. dominates the expansion in the strong
coupling, a(m).

In Figs. 2.6]and 2.7 we plot the results obtained in this section applied to the bottom
heavy quark case, illustrating the importance of incorporating large logarithms in heavy
quark physics. Only physical combinations and specific combinations that appear in phys-
ical observables are represented. For instance, in heavy quarkonium physics applications
like the N3LL spectrum and the N?LL running of the Wilson coefficient of the electromag-
netic current we observe that only the combinations ¢4, = 2ca, + Ca,, Ca, = 2ca, + Ca,
appear [5]. For the Compton scattering discussed in Sec. we observe that cy, ,, and
again Cg,,, appear. We remind that those can be understood as linear combinations of the
chromopolarizabilities of the heavy quark. The combination ¢g, = ¢, + c¢p, also appears
in the Compton scattering. We run the Wilson coefficients from the heavy quark mass to
1 GeV for zero and four massless fermions. For illustrative purposes, we take m;, = 4.73
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GeV and a(m,) = 0.215943.

Concerning the numerical analysis of the spin-independent operators, we observe that
the effect due to the logarithms is very large in most cases. This is due to very large
coefficients multiplying the logarithms (even in the Abelian limit the coefficient is quite
large). We also observe that the LL resummation is basically saturated by the SL in all
cases except for c4, and ¢,. For most cases, the incorporation of light fermions plays a
minor role. Let us discuss in more detail every Wilson coefficient. We observe that cy4,
changes from 1 to -2 after running. The resummation of logarithms introduces a change
of approximately 0.2, with respect to the SL result, after running. The case of ¢4, is
even more dramatic, it goes from 0 to 10, and the resummation of logarithms introduces
a change after running of 0.5 with respect to the SL result. The change after running of
ca, is more moderate, even though certainly sizable, and so is for c4,. They change from
0 to —0.2 and —0.05 (even though there is a maximum at 0.35), respectively. For cu,, the
resummation of large logarithms introduces a change after running of 0.12 with respect to
the SL result. For cy4, the resummation of logarithms happens to be very important since
its behaviour is not saturated by the SL. It is interesting to note that the running of ¢4,
is smaller than the running of ¢4,, but still rather large; it changes by nearly a factor of 3.
The qualitative behaviour of ¢4, is similar to cy4,, and it changes from 0 to roughly —0.3
after running. Comparatively, the running of d3' and d%' is much smaller (they go from 0 to
—0.036 and —0.015, respectively) confirming that spectator quarks associated corrections
are subleading numerically. In these cases, the resummation of logarithms introduces a
change after running of around 0.006 and 0.001 with respect to the SL result, respectively.
Spectator quark effects in heavy-gluon operators introduce a change after running of 0.2,
1, 0.03, 0.35, 0.4, 0.16 to ca,, Ca,, Cas, Ca,, Ca, and C4,, respectively, with respect to the
LL result with ny = 0.

Concerning the numerical analysis of spin-dependent operators, we observe that the
effect due to the logarithms is large in general (not for QED though, where the only
physical combination that appears, ¢y, does not run). This is because the coefficients
multiplying the logarithms are large, in particular, those that multiply the non-Abelian
color factor C'y. We also observe that the LL result is saturated by the SL in all cases
except in the combination ¢g, +cp,. In general, the incorporation of spectator effects plays
a minor role. Let us discuss in more detail every Wilson coefficient. We observe that ¢pg,
changes from -1 to -2.25 after running. The case of cp, is rather similar, it goes from 0 to
1.4 after running. In general, the effect due to the resummation of logarithms is not quite
large, but certainly sizable. It introduces a change of approximately 0.3-0.4 with respect to
the SL result after running. For the combination ¢p, + cp, the effect is very small. It goes
from -1 to -0.99 even though it has a maximum of -0.95. In this case, the resummation of
logarithms is important because the behaviour is not saturated by the SL. The inclusion
of spectator quarks slightly changes the running of ¢p, and cp,, but that change is small
(of approximately 0.1 after running, with respect to the LL result with ny = 0), so the
effect induced by them is numerically subleading. However, the effect induced by the
spectators tends to get away the curve from the SL one, so it makes the resummation of
large logarithms more important. The change in combinations that appear in Compton
scattering, like ¢g, + cp, is sizable, but even smaller than before. It changes by 0.02 after
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Figure 2.5: Running of the Wilson coefficients associated to the 1/m? spin-independent opera-
tors: ca,, CA,, CAs, CA,, dgl, dgll, 2cp, + Ca, and 2ca, + ca,, applied to the bottom heavy quark
case. The continuous line is the LL result with ny = 4, the dotted line is the LL result with
ng = 0, and the dashed line is the SL result (it does not depend on ny).
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running with respect to the LL result with ny = 0. Concerning the Wilson coefficients
associated to heavy-light operators, we find that their running is small but sizable in some
cases. The running is saturated by the SL in d2 and d. In particular, d? changes from
0 to 0.006. In that case, the resumation of logarithms happens to be unimportant. In
the case of d, which runs from —1 to —1.042, the resummation of logarithms roughly
introduces a difference of 0.015 at 1 GeV, with respect to the SL value. The resummation
of logarithms happens to be qualitatively very important for ng, dit dit and db, even
though their running is small, because their behaviour is not saturated by the SL result.
They go from 0 to 8.2-107%, —3-107°, —1.5-10* and —5-107?, respectively, after running
at approximately 1.5 GeV.
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Figure 2.6: Running of the Wilson coefficients associated to the 1/m? spin-dependent operators:
CBys CBys CB;, + CBy, dgl , ng and J’f(l), applied to the bottom heavy quark case. The continuous
line is the LL result with ny = 4, the dotted line is the LL result with ny = 0 and the dashed
line is the SL result (it does not depend on ny).
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Figure 2.7: Running of the Wilson coefficients associated to the 1/m? spin-dependent operators:
d?l, dgl and d’fi, applied to the bottom heavy quark case. The continuous line is the LL result
with ny = 4 and the dashed line is the SL result (it does not depend on ny).

2.6 Comparison with earlier work

The LL running of the Wilson coefficients associated to the 1/m? operators of the HQET
Lagrangian was first addressed in Refs. [29, 33], [34]. For the case without light fermions,
expressions for the anomalous dimension matrix and explicit expressions for the Wilson
coefficients with SL accuracy are given. We find that these results are mutually inconsis-
tent, as the anomalous dimension matrix produces different expressions for the SL results,
compared to the explicit SL expressions written in these references (except for c§3)).

The basis of operators these results were obtained from is different from the basis used
in this thesis, so in order to compare our results, we have to change the operator basis.
This is done via field redefinitions, which at the order we are working in, is equivalent to
using the full EOMs to order 1/m. To this purpose, we start with the HQET Lagrangian
in a general framd™| Eq. (8) in Ref. [2§]

15We take this opportunity to correct a misprint in the term proportional to c,,, where the minus sign
appearing there should be a plus sign in order to reproduce the Lagrangian Eq. (6) and Eq. (7) in Ref.
[23].

51



_ . 1
L, = Q, zD-v—ck%—i-cz;%—ch i —¢pg o2
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— { D2 Djl_ UaﬁGaB UQ[DJB_, Gaﬁ]

+icsg

+Cppg

+ca,9

—icp, g —icB,g (2.168)
where DY = D* — vtv - D and 0*? = %[’yo‘,fyﬁ]. We use the EOMs of this Lagrangian at
O(1/m) to move terms of the 1/m and 1/m? operators to 1/m? operators, as well as, to
remove terms of the 1/m? operators, which are sent to higher orders in 1/m. The EOMs

read

. 1 = g ~ N
QU(ZU . D) = Ck%QvDi + CFRQUOQ/QG ’B, (2169)

. 1 a
(- D)Q, = ck%Din + cFﬁaa/gG Q.. (2.170)

Once done, we write every operator of the physical operator basiﬁ given in Refs. [33,[34] as
a combination of the operators of Eq. [2.168] To this purpose it is necessary to write the field
strength tensor in terms of covariant derivatives through the relation G, = _é[Dm D,].
We obtain the following relations between the Wilson coefficients of the 1/m? operators in
the two basis

16Tn Refs. [33, [34] the HQET Lagrangian is defined as

A . — 1 n n
Luger = Quliv-D)Qu + > T S drom, (2.171)
n=1 i

where cz(-n) are the Wilson coeflicients associated to the dimension D + n operators, (’)gn), which can be

found in the same references.
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1
1 = —2cp + §CA2 + ckc% + cscr, (2_172)
&) = e+ 20— —cpor, (2.173)
Ci(’)g) = 2CM + CAl - C]{;Ci-‘ — CsCF, (2174)
64(13) = _4CM - CA1 _I_ Ck‘C%‘ + CsCF , (2175)
1

3

a4y = T30 (2.176)
1

3
i = g (2.177)
) = —ep, —ench — cscr, (2.178)

1

Cég) = —Cw, — Cpp T CicF + §CDCF + §Cka , (2.179)
& = 2ew, — 20, — c, + cnch + cscr (2.180)

4 _ e 2. 41 1
cs cw, — Cprp + CiCp + 2chF + QCSCk , (2.181)
o) = —ep, +onch +csor, (2.182)
Cg?())) = Cyp + B, — CCh — CsCr (2.183)
0531) = Cpp+CB — Ckci“ — CsCF . (2.184)

Where Eqs. (2.172H2.177) are Wilson coefficients associated to spin-independent operators
and Egs. (2.178|-|2.184D to spin-dependent ones. Note that cé?’) = cé?’) and cfé) = cﬁ). This
is to be expected since it is well-known from Ref. [28] that there are five spin-dependent
operators and five different Wilson coefficients, whereas in Refs. [33, [34] there are seven
operators and seven different Wilson coefficients. Thereby, one must find that two Wilson
coefficients have to be equal to another two. We also find the following relations between
the Wilson coefficients of 1/m and 1/m? operators

Cgl) = ¢, 051) =cp, c§2) = —cp, 052) =cg. (2.185)

With these relations, we can think about reproducing the anomalous dimension matrix
given in Ref. [33] from our results. However, this is not possible for all the entries, as
some of the Wilson coefficients are gauge dependent and the computation in Ref. [33] was
done in the Feynman gauge, whereas we performed it in the Coulomb gauge. For the spin-
independent case, this is not a problem, since all gauge dependence comes from cp and ¢y,
which are known at LL in the Feynman gauge (cp is known and cj; is determined from
the reparametrization invariance relation 2c¢); = ¢p — c¢p, which is satisfied in the Feynman
gauge). The spin-dependent case is different, though, because the gauge dependent Wilson
coefficients in the Ref. [28] basis are not known in the Feynman gauge with LL accuracy.
For the spin-dependent ones, we could only determine the anomalous dimensions for cég)
and 0(73), which are gauge-independent. However, it is not worthwhile because it is a bit

23



cumbersome due to cé?’) = cg)’) and c%) = cﬁ), which makes ambiguous some of the entries

of the anomalous dimension matrix. Instead, we compute it only for the spin-independent
operators: O1_41213. We obtain (we use the same ordering and notation that in Ref. [33])

~11/12 0 11/24 —11/24 11/288 —11/72
4 0 1 ~1 0 —2/9
-3 5/6 5/6 —5/3 1/12 —7/18
—7/2 5/6 4/3 —13/6 1/24 —11/36
0 0 0 0 0 0
0 0 0 0 0 0
A4 0 0 0 0 0 0 : (2.186)
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 11/24  —11/6
16/3 0 —5/2 7/3 0 0
~(111)A 0 0 0 0 0 0
T 3 —2/3 —11/6 5/3 —1/4 1/2 |° (2.187)
3/2 0 —3/2 3/2 1/8 —1/4
32/3 0 —8/3 0 0 0
~(II)F 0O 0 0 00O
Tl 0 0 0 000] (2.188)
0 0 0 000
4 —5/6 —-3/2 2 0 2/9
~(12)A 0 0 0 0 0 0
n 0 0 0 0 0 0o |- (2.189)
5/6 1/3 —1/12 —1/4 1/144 11/36
000000
cazr |00 0 0 0 0
T loooo0oo0o0 (2.190)
000000

On the one hand, in all matrices except the last one, we find discrepancies with the entries
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given in the Appendix of Ref. [33]. The differences do not follow a clear pattern. On the
other hand, remarkably enough, our anomalous dimension matrix produces the same SL
expressions as those given in Table II of Ref. [34] (note that the expression for c§3)” is
different from the one it can be found in Table I of Ref. [33]).

It is also interesting (and the only possibility to compare the spin-dependent operators)
to make the comparison backward and compute the RGEs for physical quantities in our
basis from the anomalous dimension matrix given in Refs. [33 B84]. To do this, one needs

the inverse relations between the Wilson coefficients in the two bases

= _%(a?’) + e, (2.191)

o = &+ cé?’) + c(g) + 0(1)3 - cgl)c?) , (2.192)
o = 21 ) 4 Dy D 2199
Cay = 2053) — 2cg )cgl)Q — 2090&1) , (2.194)
ca, = 1249 (2.195)
ca, = 129 (2.196)
Gy = )+l (2.197)
= —dY D B 0200 ; RO ;Cg)cgn’ (2.198)
v, = ;cf) + %o“” +c¥ (2.199)
cp = ( ) Jrc(1) (1)2 +C( )C(l) (2.200)
cg, = —cé‘q') — cg )cglﬂ — c§2)c§1) ) (2.201)

Concerning the Wilson coefficients of the spin-independent operators, and for the gauge
invariant combinations we have computed, the following RGEs are obtained

d « 1 5 1 8
V@C;l = = {C’A (chck - ECQFCk: — 602) — gcch} , (2.202)
« 11 121 , 37 3
1/—CA1 ; —C4 + A, 486A2 + 24 ——CpC — 24cF05 + Ocy
1
(3@+ CF)C,J, 2
d _ o 11 67 19
V@CA2 = ; |:CA (804 — CA1 126,42 6 C%Ck + FCSCF + OC:;;)
56
+( e, - gop)cz] | (2.204)
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= {— 480A2 240 zc?jw + 240%61C — 24CFCS} , (2.205)

V%CA4 = %C’A EQ +ca, + ECA2 + (130 A, — 35 — %C%Ck — gcz — %701:65:| . (2.206)
where numbers in bold indicate a discrepancy with respect to our results. Note that the
anomalous dimension matrix given in Ref. [33] yields different RGEs as those we found in
Sec. (nor even the running of ¢, is zero, neither gauge-independent) and also different
SL expressions as those we found in Eqs. , except for Eq.. Contrarily,
the SL results given in Table IT of Ref. [34] yield results in agreement with our SL results
in Egs. (2.15442.157). We also observe that the running of ¢, obtained from Refs. [33 34]
(which we do not display explicitly) agrees with the result predicted by reparametrization
invariance (in the Feynman gauge).

Concerning the Wilson coefficients of the spin- dependent operators firstly note that the
anomalous dimension matrix displayed in Ref. [33] gives ¢ ) + c ) This already disagrees
with our results and with the explicit SL results given in Table II of that reference. We
continue with the comparison nonetheless. We take the expression for cég), which is the
one which minimizes the discrepancies. The RGEs read

d o 1 1
yﬁcp/p = = [C’ACFci + iCAcp/p — §CACSCk , (2.207)
d _ all 5 3 1
I/%CW = p |:ECACDCF — ECAC% — ZCAC%Ck — ECACFCZ — gcchci
1 1
—=Cacger + =Cacw |, (2.208)
4 2
d _ «Q B 1 1 5 35 11
V@CB1 = ; |:§CACB1 — ECACBQ — gCACDCF + ECAC% + ECAC%Ck + FCACFCi
16 1 17
+?CFCFCi -+ §CACp/p — ECACFCS + 1CACSCk + CAEW y (2209)
d o 1 4 4 8 4
VECB2 p [ 5 Cacp, + C’A032 CAc%ck — §CAchi + gCFch% + gCACFCS
4 16 _ 3
—gCAcSck — §CFCSC]§ Cacw + 0cp |, (2.210)

where, as before, numbers in bold indicate a discrepancy with respect to our results. In
general, we find disagreement for all RGEs (even in QED) except for Eq. (2.207), which
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satisfies reparametrization invariance. Conceptually, the disagreement with Eqs. (2.208
is important, since they do not depend only on physical combinations of Wilson
coefficients due to the explicit appearance of cp, which is gauge dependent. In addition,
Eq. does not satisfy reparametrization invariance.

On the contrary, it is remarkable that using the SL results given in Table II of Ref. [34]
one finds agreement with the SL results for the physical quantities we have computed, i.e
with Egs. . Nevertheless, we find disagreement for the unphysical quantities
CM, Cays Cwys Cw, and cp, (Whose SL results are not presented explicitly, but they can be
easily obtained from the RGEs of Sec. . If we trust the explicit SL results presented
in this reference, this is a clear indication these Wilson coefficients are gauge dependent.

Spectator effects in HQET up to O(1/m?) were already studied in Ref. [29]. However,
no anomalous dimension matrix was given, but only SL results. At this level, we can
compare our results with the ones given in that reference after changing the operator basis.
For the spin-independent heavy- hght operators we find that c Bho = 8d8 and cg)s = 8di.
Such results disagree with Eqgs. (2.15842.159)) by a factor of two. The first thing we observe
concerning the spin-dependent heavy—light operators is that, in Ref. [29], it is stated that
they change the SL results of the spin-dependent heavy-gluon sector found previously
in Ref. [33]. That is strange, because the initial matching condition of the heavy-light
operators is zero at tree level, and therefore, they should not change the SL expressions.
After a more detailed comparison, taking the SL results given in Ref. [29] and using Egs.
(2.197H2.201)) to change the operator basis, we find that, for physical combinations, the
results remain unchanged and are still in agreement with ours and with what we find in this
thesis (that the SL remain unchanged after including spectators). Concerning the running

of the spin-dependent heavy-light operators, we find that cg?jf) = (?ih = 8d". The first
equality is already in disagreement with Ref. [29], and for the explicit SL results given in it,
only the term proportional to Cr agrees with ours. We also find that c; Sh)s = cgb)s = 8d¥,
which leads to agreement between the SL expression presented in Ref [29] and ours.
Also the given results for d2, di' and d@, whose SL result is zero, are in agreement

with ours We find that c(gl)g +c (3”0 = 8d%, which also agrees. Finally, we find that

dn = 06 8o (cg‘if (Sh °)/2 — ¢}y (where ¢ is the Wilson coefficient ey, evaluated

in the Feynman gauge, Whose SL expression was found in Ref. [33]), for which we find

(30)o

disagreement. It is worth mentioning that a change of sign in the SL of ¢;" plus the

condition 0(7?3:”) = cgg_h) , expected to reproduce d¥ correctly, would lead to agreement.

This also would imply a change of sign in the SL expression of cf’_”".

2.7 Loop integrals UV pole

Loop integrals in the Coulomb gauge are presumably more difficult than in any other
covariant gauge where several computational tools have been developed. In particular,
the integrals we face have the difficulty that they are explicitly non-relativistic i.e. they
can not be written in a covariant way. As a consequence, an splitting between the energy
and d-momentum integrals occurs. Note that there is no problem in using dimensional
regularization (indeed it is what we formally use throughout the thesis) to regulate the
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integrals, but the standard techniques for solving them, like the introduction of Feynman
parametrization, are not feasible. This makes the exact solution of the integrals very
difficult to achieve. However, since we are only interested in the UV pole or the logarithm
(both are connected) of the integrals, we can introduce a hard cutoff and expand the
integrals for high loop momentum compared to external momenta and energies, while
keeping only logarithmically divergent terms (terms with superficial degree of divergence
D = 0). Once we solve the integrals for these terms, we find a logarithm which is the same
one would obtain in dimensional regularization. The construction of the pole one would
obtain in dimensional regularization is then straightforward. Let us make these statements
quantitative by computing an example which can be solved exactly, too. The integral we
aim to compute is

[P () 1
9 (2m)d q q? 2m (¢°)2 — % +in, ¢° — Ey —in, ¢ — B} —in,

(2.211)

Firstly, let us compute the exact solution. Integrating over ¢°, we obtain

-4 dd k-l 1 1
I= _E/ 4 (5“ 41 ) , B (2.212)
2 J (2n) q* ) ld| — By —iny |q| — B} —in,

The remaining integral can be solved by changing to d-dimensional spherical coordinates
and integrating over the solid angle and over |q|. However, in order to do that, we must
have an scalar integral. To this purpose, it is enough to realise that the tensor structure
of the solution is I = Ad*. Therefore, the only thing that remains to be determined is the
global factor A given by the following scalar integral

gtd—1 [ d 1 1
A9 / 4 _ S (2.213)
2 d (2m)d|q| — By —ing |a] — E] —in,

By changing to spherical coordinates and integrating over the solid angle, we find that

iatd—1 2 d/2 © dq d—1
A= _g ™ / |q‘d |q| - : : (2.214)
2 d I(d)2) Jy @m)*(la| = Ey —ing)(lal — B} — ing)
or, written in terms of € (d = 3 + 2¢),
2 342eT(3/2+¢) (2m)°** Jy (lal = Ex —ing)(lal — Ef —iny)
The integral over |q| can be computed with Mathematica. The solution reads
2'94 2 1+ 2 27r3/2+6 1 W((_El . inq)2+26 . (_Ei . ,L',r]q)2+26) (2 216)

T2 3+42e0(3/2 1 ¢) (2m)Brae (—E, + E}) sin(2re)

Adding and subtracting v*¢ and expanding around € = 0, it gives
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2 —FE1—ing 2 —E]—ing
2 (B B (=57 — ppin (=E

2 672 3r2(Ey — E)

2 ) +) +0%).  (2217)

The counterterm should be chosen in such a way that it cancels the UV divergence, so

4

§A= -9 B 1+ B, (2.218)
1272¢

However, as we commented previously, the exact solution is not always available and we
must find an alternative way to extract the UV pole. To do so, we focus in the high
energy behaviour of the integral, and expand around zero external momenta and energies,
while keeping the loop momentum and energy of the same order ¢° ~ |q|, and much larger
than the external ones. In order to make the expansion valid, we will have to integrate
in a region where such expansion holds. In other words, we will have to introduce two
hard cutoffs to fix the integration regime: an upper or UV cutoff Ayy, and a lower or IR
cutoff A;g. We will only pay attention to the UV, and the IR is only introduced to make
sense of the integral. The cutoff is introduced in the integral over the modulus of the loop
momentum, which is where the divergence in four dimensions comes from. The expansion
is done with the aim of finding all terms which are logarithmically divergent in the UV i.e.
those terms with zero superficial degree of divergence. For the ¢° integral summation and
integration commute, so we expand at the very beginning. Since the superficial degree of
divergence of the integral is D = 1, we only need to expand to first order (note that, as
higher order terms are considered in the expansion, more IR the integral becomes). Thus

Bq q"q' dq° 1 1
B B si /_ . (2.219
ov =g (Bt 1)/ ) ( % o (=t iny (@ — iy P

Integrating over ¢°, we obtain
: 4 3 kol
g / d’q k99 1
Iyyv=——(FE1+F o — —. 2.220
uv 9 ( 1+ 1)/ (271')3 ( q2 > |q|3 ( )
Like before, we realise that the integral has the tensor structure I = Ayydo*, and the
problem reduces to the computation of the following scalar integral

gt Bq 1
Ay = — 2 (B, +E{)/ a (2.221)

3 (2m)* [q*’

which changing to spherical coordinates and integrating over the solid angle, gives

ig* . [Auv 1
IR
and finally,
. 4 A
Apy = —%(E1 +E)n (ﬁ) : (2.223)
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from where it can be identified that the logarithm of Ayy is the logarithm of v appearing

in Eq. (2.217) or, likewise, it is the logarithm that appears if we expand Eq. (2.218))
around € = 0. Since we know the exact solution, the counterterm can be determined by

just identifying v <> Ayy in Eq. (2.218]), obtaining

i 4
5A = —ﬁ(& + EDAZ, . (2.224)
Note that the scaling with the UV cutoff is A?5, because the integral has non-integer mass
dimension M?¢. This is a general fact which will allow us to reconstruct the counterterm
from the logarithm of Ayy. Therefore, provided the solution (the logarithmic term) of a
Feynman integral where hard cut-offs have been introduced

= —In (@) : (2.225)
Azg

the counterterm will always be reconstructed as follows

1
51 = —ZWA%;V, (2.226)

where v is defined just as the term multiplying the logarithm. Since we can identify
v < Ayv, the counterterm we would obtain from a calculation in dimensional regularization
would be

1

61 = —2—7#6. (2.227)
€
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Chapter 3

Non-Relativistic Quantum
Chromodynamics (NRQCD)

3.1 Heavy Quarkonium, QQ

Since the simultaneous discovery of the J/v¢ particle (charmonium c¢) in 1975 [46], [47] at
SLAC and the Brookhaven National Laboratory, and three years later of the T particle
(bottomonium bb) [48] in Fermilab, the study of non-relativistic bound states made of
two heavy quarks, heavy quarkonium for short, has proven to be very important for our
understanding of the strong interactions, as its nature falls in the interplay between the
perturbative and non-perturbative regime of QCD. Moreover it opened the possibility to
study a non-relativistic picture in the framework of QCD. Such a picture became even
more relevant with the discovery of the B, (bc) and B, (b¢) bound states in 1998 [49].

The interaction between the two heavy quarks in the bound state is understood in two
assymptotic regions: the very short distance region, described by a Coulomb-like 1/7 (plus
relativistic corrections) interaction potential, and the very long distance region, described
by a linear in r interaction potential, being r the separation between the two heavy quarks.
Whereas perturbation theory is successful to the description of the potential at very short
distances, it completely fails to describe the potential as soon as we move away from the
very short distance regime, since QCD becomes non-perturbative.

A crucial aspect of heavy quarkonium is that its physics is characterized by three
widely separated scales: the hard scale m, which is the heavy quark mass, the soft scale
|p| ~ muo, which is the relative momentum between the two heavy quarks (or the inverse
Bohr radius), and the ultrasoft scale E ~ muv?, which is the typical binding energy of the
system, being v the heavy quark velocity. Since the system is non-relativistic (v < 1), the
following hierarchy between the different scales is expected: m > mv > mv?. Moreover,
by definition of heavy quark, its mass m > Aqcp, the hadronization scale. Therefore,
processes happening at the scale m can be described using perturbation theory due to the
asymptotic freedom of QCD. However, the scales |p| and E may or may not be accessible
to perturbation theory. The appearance of all these scales makes the quantitative study of
heavy quarkonium extremely difficult.

In the present work we will focus our attention in the perturbative part of the heavy
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quarkonium interaction. We have to say that, even for the perturbative contributions,
it took some time to find a way to incorporate radiative corrections systematically due
to UV divergences in the non-relativistic approach, based on the use of the Schrodinger
equation, and due to technical difficulties in the relativistic one, based on the Bethe-
Salpeter formalism [50]. A new approach was proposed by Caswell and Lepage [25] and
Bodwin, Braaten and Lepage [26]. It consisted in a reformulation of QCD in terms of an
EFT made of quarks and gluons describing fluctuations below the hard scale m, and where
fluctuations above the scale m are encoded in the Wilson coefficients of the theory. That
effective theory was called NRQCD. However, NRQCD only takes advantage of the fact
that m > |p|, £, Aqep, but it forgets about all other scale separation, and this generates
important problems. Despite of the fact that this new theory provided a framework to treat
UV divergences, it presents several complications: NRQCD is inconsistent in dimensional
regularization, there are not well-defined counting rules and it is not possible to sum
large logarithms of v. Consistent calculations are only possible in cut-off schemes which
are well-known to be troublesome specially if one wants to compute radiative corrections
beyond one loop. As a conclusion, the theory was found to be not completely optimised
to systematically incorporate radiative corrections in bound state calculations.

The solution came by taking advantage of the full scale separation characterizing heavy
quarkonium. The NRQCD framework was rewritten in terms of a Schrodinger theory,
where the dominant binding of the Q@ pair is described by the well-known non-relativistic
Schrodinger equation with the non-Abelian version of the Coulomb potential, and where
higher order corrections such as wv-suppressed potentials and retardation effects can be
computed separately as perturbations. That was the born of a new EFT called pNRQCD,
devised by Pineda and Soto [I]. The new theory turns up to have well-defined counting
rules in v and it is formulated in dimensional regularization.

3.2 NRQCD vs HQET

HQET and NRQCD are EFTs devised to describe the interaction of one heavy quark of
mass m and of two heavy quarks of mass m; and my, respectively, which are almost on shell.
If we compare two HQET Lagrangians (one for each heavy quark appearing in the NRQCD
Lagrangian) with the NRQCD Lagrangian, we find that both EFTs look identical as far
as the form of the Lagrangian operators is concerned, except for the fact that in NRQCD
there are four fermion operators. However, these two EFTs are not equivalent, and not
only for this reason. On the one hand, HQET is thought to describe hadronic properties
as far as the momentum transferred is p* ~ Aqecp < m. Therefore, the expansion in
HQET is an expansion in powers of Aqcp/m. On the other hand, NRQCD is applied
to bound state systems formed by two non-relativistic heavy quarks, a QQ bound state.
The NRQCD Lagrangian also has an expansion in 1/m, but in this case, the momentum
transferred is of order mv, and the energy transferred of order mv?, where v is the relative
velocity between the two heavy quarks in the center of mass frame. Therefore, the small
expansion parameter in NRQCD is v. The basic difference between HQET and NRQCD
can be seen from the first two terms in the effective Lagrangian,
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D2
L=QD)Q+Q" Q. (3.1)

In HQET, the first term is of order Agep and the second term is of order Aqp/m, so the
second term is subleading and it can be eliminated in a first approximation. In NRQCD
both terms are of order muv? instead and, therefore, the second term can not be eliminated.
As a consequence, the propagators of both EFTs are different. In HQET the propagator
is i/(k° + in), whereas in NRQCD the it is i/(k° — k?/2m + in).

Since the HQET propagator is m independent, in the matching calculation of QCD
with HQET, the contribution of a graph to a given order is completely determined by the
power of the mass of every operator. The power counting is manifest in the Lagrangian.
Differently, the matching calculation in NRQCD is more subtle. Due to the form of the
NRQCD propagator, we cannot compute matching corrections using it, since the v power
counting breaks down (see Refs. [28, 5I]). The counting in v is not manifest in the
Lagrangian anymore. Instead, the matching conditions for NRQCD should be computed
using the HQET power counting, by expanding in powers of p*/m. The same applies to the
computation of the renormalization group improved Wilson coefficients of the Lagrangian.
After the HQET Lagrangian has been computed, it can be used for computing bound state
properties using the NRQCD velocity power counting rules. That is the reason why we
will use the results obtained in Ch. 2 to Ch. [l

3.3 NRQCD Lagrangian

In the previous chapter we studied aspects of the dynamics of a heavy quark interacting
with gluons and light quarks. Such dynamics is described by the HQET Lagrangian. That
Lagrangian is indeed one of the main ingredients of the NRQCD Lagrangian, aimed to
describe bound states made of two non-relativistic heavy quarks.

Important to present work is that the Wilson coefficients of the NRQCD Lagrangian
[25], 26] are instrumental in the determination of the Wilson coefficients of the pNRQCD La-
grangian. Since the aim of this thesis is to compute the N®LL heavy quarkonium spectrum
relevant to S-wave spin-independent states, we only include those NRQCD Lagrangian
operators relevant to that analysis.

The HQET Lagrangian up to O(1/m?) can be found in Ref. [28], and including light
fermions, though in a different basis, in Ref. [29]. In the present dissertation, we use
the basis and notation from Ref. [35], which also includes massless fermions. That is
precisely the basis given is Ch. 2| In Ref. [35] one can find the resummed expressions of
the Wilson coefficients with LL accuracy for the 1/m? spin-independent operators. For the
spin-dependent 1/m? operators, not relevant to this program, the LL running can be found
in Refs. [36, 37]. How these results were obtained is described in Ch. 2l Note that there
are not purely gluonic operators of dimension seven, neither four heavy-fermion operators
of dimension seven [52].

Concerning the O(1/m?*) NRQCD Lagrangian operators, not all of them are needed for
the purposes of this thesis, but only some few operators. For the heavy-gluon sector, the
complete set of operators was written for QED in Ref. [44] and for QCD in Ref. [53] (in
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the last case without light fermions). Of those we can neglect most. We do not need the
spin-dependent 1/m?* operators, nor terms proportional to a single B, neither terms with
two (either B or E) terms. The reason is that we only need O(1/m?) tree level potentials.
Therefore, we can take all relevant operators from the QED case generalized to QCD.
Following the notation of Ref. [44], the relevant O(1/m*) HQET Lagrangian operators are

Q'[D*, D -E+E-D]Q Q'{D* [V -E}Q
) - IEDEABDQ o QD[S
Qi[V?, V -E|Q

and similarly for the antiquark. The dots stand for terms that one can trivially see do
not contribute to the S-wave spin-independent spectrum at N3LL, either because they
involved the emission of two gluons or because they are spin-dependent, so in principle,
we need three new coefficients. Nevertheless, we will see in the next chapter that only
cx1 contributes to the running of the spin-independent delta-like potential. Still, we will
compute any tree level potential proportional to cxi, cxo and cx3.

The fact that we need cy;, one of the Wilson coefficients of the 1/m?* heavy-gluon oper-
ators of the HQET Lagrangian, could make it necessary to consider the Wilson coefficients
of the 1/m* heavy-light operators as well (light-light operators are subleading for the same
reason they are at O(1/m?)), as they may enter through RG mixing. Fortunately, this is
not the case, since cx; can be determined by reparametrization invariance [44]

32¢, = % — o+ (3.3)
where one should take Z = 1 for QCD. Note that it depends on cp, so indeed cg?l is
gauge dependent. Nevertheless, we will see in Sec. of Ch. [4] that it always combines
with cj; to produce gauge invariant combinations. This indeed is a nontrivial check of
the computation. Note also that the above coefficient has an Abelian term, so it can be
checked with QED computations.

Finally, we consider the heavy four-fermion sector of the O(1/m*) Lagrangian. They
generate local or quasilocal potentials, which do not produce divergent potential loops.
The same happens for the potentials generated by cxs and cx3. Therefore, in both cases,
such potentials do not generate contributions to the heavy quarkonium mass at N3LL, and
we can neglect them. Consequently, we have the LL running of all the necessary Wilson
coefficients of the O(1/m*) NRQCD Lagrangian operators.

Summarizing, the NRQCD Lagrangian we need is the following

Lxraep = L@y, T Luqer(Q — Q1,m — my)
+Luqer(Q = Xe2,9 = —g, T = (T*)",m — my),

where Lyqer is given by the sum of Eq. (2.21) and Eq. (3.2)), @, is a non-relativistic heavy
quark field of mass m; represented by a Pauli spinor, x.o = —ic?x} is a non-relativistic
heavy anti-quark field of mass m, also represented by a Pauli spinor, (7%)7 stands for
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the transposed matrix of 7¢, and the change T% — (T7%)T only applies to the matrices
contracted to the heavy quark color indices. The rest of the definitions are as in Sec. 2.3]
Finally, The four heavy fermion operators to O(1/m?) are given by

d d
L - had T T co + sv_ TO' f T2Xe 3.6
Qixe.2 m1m2Q1Q1Xc,2X 2 m1m2Q1 1Q1Xc202X 2 (3.6)
d'US d'UU

QJ{TGQIXZ,Q (Ta)TXC,Q +

QJ{Tadelxz’Q (Ta)TO-QXC’Q . (37)
mimeg mimsa

3.4 Matching QCD with NRQCD

In this section we compute the matching of the 1/m? spin-independent four fermion op-
erators of the NRQCD Lagrangian with the QCD Lagrangian at one loop order and for
two quarks of different masses. The reason we do not consider the equal mass case is
for simplicity, since for different masses annihilation type diagrams are not possible. This
problem was already addressed in Ref. [15] for both, equal and different masses, but we
compute it here as an illustrative example. As mentioned in Sec. [3.2] the matching must
be done as in HQET. The section has two purposes, to give a pedagogical and detailed
explanation of how the matching between QCD and NRQCD is performed, and also to
set up the problem for a future two loop computation which could help to find the miss-

ing contribution of the NLL soft running of the Wilson coefficient D((f associated to the

spin-independent delta-like potential (see Sec. and Sec. . To this last purpose,
it should be enough to compute the divergent part of the two loop diagrams appearing in
the matching calculation.

In order to carry out the matching, we compute the scattering of a heavy quark of
mass my with a heavy anti-quark of mass msy in QCD and in the Feynman gauge. The
necessary QCD Feynman rules are displayed in Sec. [C.I} Since there are no derivative
terms in the O(1/m?) four fermion operators, we can expand the matrix element around
zero residual momentum to the zeroth order. In other words, it is enough to compute the
matrix element for the four quarks at rest. This also means that the amputated legs in
a digram only have to be multiplied either by p, = (1 ++°)/2 (projector on the particle
at rest subspace) or p_ = (1 —1°)/2 (projector on the antiparticle at rest subspace), and
the kinematic factor \/m/F relating relativistic and non-relativistic normalizations can be
put to one.

It can be seen from the NRQCD Feynman rules of the four fermion operators displayed
in Sec. that the structure of the spin-independent vertices is proportional to d 4505 4/,
whereas the structure of the spin dependent ones is proportional to o 4505 4. Therefore,
once the external legs are projected to the particle or the antiparticle sector, Iagpa =
Tapprar(pe)aa(ps)Be(D-)ara (p-)p B, the result of any Feynman integral will be always
proportional to these two structures. In other words, the result of any Feynman integral
(to the order of interest) can be written as

Tappa = Isi0480p 4 + IspO ABO B A/ (3.8)
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where Ig; and Igp still have color indices. Since we are only interested in the spin-
independent part, we can multiply by the projectors to the particle and the antiparticle

sectors (py)pa(p-) s = [(1+7")84/2)[(1 =" wp /2]. Thus

1 0 1 — 0 12 1 0 1 — 0
2 2 2 2
Therefore, Ig; can be obtained from the expression
1
Is1 = ﬁIABB’A’(l +7°)Ba(l =) (3.10)

where we have considered D-dimensional gamma matrices with D = 4 4 2e.

Let us go to the computation. For the case of different masses, only two diagrams
contribute. They are shown in Fig. [3.1]. The amplitude for the diagram (1) of Fig. [3.1]
reads

Figure 3.1: QCD diagrams contributing to the Wilson coefficients associated to the 1/m? four
fermion operators of the NRQCD Lagrangian in the case of two different masses.

(I)appa = /(;lﬁ)qp(—ig)(7“)CB(Ta)wmgw(—ig)(V”)B'C’(TQ)M'

« i(7°(=¢° +m1) —7(—q)" + m1)pc
(=" +mq)? — §2 — m? +in,
i(7(—q" — ma) — 7 (—q)" + m2) ey 5

(—q° —ms)? — 7% — m3 + in,

X (_ig) (’VP)AD (Tb)aé QQ‘i—iﬁggm (—ig) (’VU)D’A’ (Tb)é’a’ . (3' 11)

5o

X

7/6/

Projecting to the particle and the antiparticle sector correspondingly, we find that

66



dPq 1
(2m)P (q? + ingy)?
Py (=7 gy + ma(1+9°)v"p1) 4B

q® — 2mq° +in,
x (7" (=7 g + ma(1 = ") p_)prav
@+ 2maq® +in, '

(Waswa = G (TT)s(T°T) v Gur /

2l

(3.12)
Using Eq. (3.10]) we find that

4 (ba arb 1 dDCI 1
Lsi = g (T°T")as(T°T )B’a’ﬁguvgpa (2m)D (@2 + in,)?
Tr(v(—7¥qy + ma(1+7°)7*(1++%))
q2 - 2m1q0 + inq
Tr(y"(=74ge + ma(1 —4%))77(1 — 7))

X - , 3.13
¢ + 2maq® +in, (3.13)

X

and computing the traces, we obtain

I — g4(TbTa) (TaTb) . / qu 1 1 1
bl o T 2m)P (g2 + ing)? @2 — 2maq + ing ¢ + 2mag® + ing
x[—2¢* + (2 — D)(¢°)* + 2(my — my)q® + 4myimy] . (3.14)

At this point, it is better to write the integral in a covariant form. In order to do that, we
introduce an auxiliary vector v* = (1,0), such that ¢-v = ¢°. Then, [ i can be expressed
as

1 a a a a
Il,SI - 194({T aTb}ocB{T 7Tb}ﬁ’oc’ - [T aTb]Olﬁ[T aTb]B'Oé')

. / dPq 1 1 1
(2m)P (g2 +ing)? ¢* — 2maq - v +ing ¢ + 2maq - v + i1,
X[— (29w + (D — 2)v,v,)¢"q"” + 2(mq — ma)v,g" + 4myms] . (3.15)

Similarly, for the diagram (2) of Fig.[3.1] we obtain

1
[2,SI = 194({7-@7 Tb}oz,b’{Tav Tb}ﬁ’a’ + [Taa Tb]aﬁ [Ta7 Tb]ﬁla'>

. / dPq 1 1 1
(2m)P (¢® +iny)? ¢* — 2maq - v+ iny ¢* — 2maq - v + i,
X[(29u + (D = 2)v,0,)¢"q” — 2(my + ma)v,g" + 4myms) . (3.16)

67



Using the master integrals of Sec. [C.2] the sum of both diagrams yields

Ligi+ g = {m%(mQ) <80Fm1m2( 1+e€— 26 )+ Cy <m2 (=3 + 2¢) + ml(l + 2¢)

+3m1m2(1+6(—1—|—26)))) —m2(m2)e (sclemg(—1+e—262)+cA (m%e(—3+26)—|—m§(1+26)

+3mim 1—|—e 1—|—2€
1maf ) m3 — ma)m3(my + ma)(—3 + 2¢)(—1 + 2¢)(1 + 2¢)

} 43 g 2 (3 + 26) L (—€)(T) (T prov
. )
ms)

i27572¢(Cy — 2CF)Crg* ((m ‘m3 — (m%)6>7r “(3—e(l—4e(1+¢€)))T(—€)dapdpar
( :

mi(mq — ma)ma(my + ma)(—3 + 2¢)(—1 + 2¢)(1 + 2¢)
(3.17)
The amplitude Eq. (3.17) is divergent and needs to be renormalized, i.e. we need to

subtract the divergent part. We do it in the MS renormalization scheme, characterized by

the renormalization scale
e\ €
P = (Z—W) . (3.18)

Once the amplitude is renormalized, we can compute d™S and d™S by comparing Eq. (3.17)
with the amplitude in NRQCD
dNTS WS

(Sag(Sﬁ/O/ —1
m1Mmso mi1me

H\/ISSI + [%VISSI =—1 (Ta)aB(Ta)B’o/ ) (3-19)

from where we can identify

C o? 1 m3 1 m?
MS _ A - 2( = 2 —m2( = -1
dg, Cr <2 C’F> m%—m%{m1(3+ln<y2>> m2(3+1n<y2>>}, (3.20)

o 20 a2 1 m2 1 m?
S F 2 1
= i () -G ()
Cac? 1 m3 Al m?
g PG () (e ()
1 10 m2 10 m?
+m1m2{ 1(3 +In (V—j))—m;*(?Hn(y—;))H, (3.21)

which is in agreement with Ref. [15].
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Chapter 4

Potential Non-Relativistic Quantum
Chromodynamics (pNRQCD)

4.1 Preliminaries

As it was mentioned in the previous chapter, from all the hierarchy of scales which
characterizes heavy quarkonium, NRQCD only takes advantage of the fact that m >
muv, mv?, Aqep. However, if one is interested in describing physics at the scale of the
binding energy E ~ mv?, then NRQCD still contains degrees of freedom that never will
show up as physical states. These degrees of freedom are soft heavy quarks, light quarks
and gluons. A solution is to integrate out these unphysical degrees of freedom in an EFT
approach. The implementation of this idea was devised by Pineda and Soto in Ref. [1]. It
was the born of a new EFT called pNRQCD.

Two different situations arise depending on the relative size of Aqcp with respect to
|p| ~ mv and E:

e The weak coupling regime: if [|p| > E 2 Aqep (satisfied for very large masses).
e The strong coupling regime: if |p| 2 Aqep.

The present dissertation is only involved with pNRQCD in the weak coupling regime, that
is the approximation that the b and ¢ quarks are heavy enough. Therefore, the strong
coupling regime (see Ref. [27] for a detailed review) is beyond the scope of this work.

In the weak coupling regime we can integrate out the unphysical degrees of freedom,
with energy of the order of |p|, using perturbation theory. Once done, the Wilson coeffi-
cients of pPNRQCD depend on the momentum of the heavy quark p and the heavy antiquark
p’ very often in the combination k = p — p’, the momentum transferred. This produces
non-local terms which can be identified as different contributions to the interaction poten-
tial between the two heavy quarks. These contributions to the potential are relativistic
corrections to the leading Coulomb potential. This feature of pNRQCD is very interest-
ing, as it provides an interpretation of the usual interaction potentials in non-relativistic
quantum mechanics in an EFT framework, as well as it provides a link between QFT and
non-relativistic quantum mechanics, and a Schrodinger-like formulation of QCD. Therefore,
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in this regime, heavy quarkonium can be described with a Schrodinger-like equation with
heavy quarks interacting via the leading interaction potential, the non-Abelian version of
the Coulomb potential, and relativistic corrections to this potential can be implemented as
perturbations as one would do in non-relativistic quantum mechanics. Ultrasoft radiation
is also implemented in the theory. As a consequence, in this regime heavy quarkonium is
very much like positronium.

The particle content of pPNRQCD will be quark-antiquark pairs, gluons, and light quarks
with momentum |p| and energy E. For the description of the heavy quark-antiquark pairs
there are two possibilities. We can use a field for the quark and another one for the
antiquark, or we can use a single field representing the quark-antiquark pair. This can be
rigorously achieved in a non-relativistic system because the particle and the antiparticle
numbers are separately conserved. This single field can be decomposed to a color singlet
and color octet components. The representation we use will hardly depend on the kind
of the calculation we aim to do. For instance, in the matching between NRQCD and
pNRQCD we will use the first representation, since it is more smoothly connected to
NRQCD, whereas in the computation of potential loops we will use the latter. Finally, the
computations in pNRQCD are easily implemented in the Coulomb gauge, so we will use it
throughout this chapter.

4.2 Introduction

High order perturbative computations in heavy quarkonium require the use of EFTs, as
they efficiently deal with the different scales of the system. One such EFT is pNRQCD
[T, 27] (for reviews see Refs. [2, §]). The key ingredient of the EFT is, obviously, its
Lagrangian. At present, the pPNRQCD Lagrangian is known with N3LO accuracy [4, [11].

One of the major advantages of using EFTs is that it facilitates the systematic resum-
mation of the large logarithms generated by the ratios of the different scales of the problem.
For the case at hand, we are talking about

e the hard scale (m, the heavy quark mass),
e the soft scale (mw, the inverse Bohr radius of the problem),
e the ultrasoft scale (mv?, the typical binding energy of the system).

At present, the pPNRQCD Lagrangian is known with N3LL precision as far as P-wave states
are concerned [6]. For S-wave observables the present precision is N?LL [3]. The missing
link to obtain the complete N*LL pNRQCD Lagrangian is the N°LL running of the delta-
like potentiald!] For the spin-dependent case, such precision for the running has already
been achieved in Refs. [12, [13]. Therefore, what is left is to obtain the N3LL result for the
spin-independent delta potential. This is an extremely challenging computation which we
undertake in this thesis [5].

'We use the term ”delta-like potentials” for the delta potential and the potentials generated by the
Fourier transform of In" k (in practice only In k).
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It is convenient to describe the energy levels of an nS (I = 0) state by dividing it up
into a spin-independent part called the spin-averaged part and a part dependent on the
spin of the heavy fermions, called the hyperfine splitting parﬂ

E(‘]? n) = Eaver(n) + Sl . SQEhfs<n) 5 (44)

where J is the total spin value and S; and S, are the spins of the fermion and the anti-

fermion, respectively. The aim of this thesis is to compute E,(n) with N3LL precision.

Partial results are obtained, whereas the missing contributions are expected to be small.
The new results we obtain are the following:

e In Secs. and we compute the a/m?* and the a?/m3 spin-independent
potentials. These potentials are finite. The expectation value of them produces
energy shifts of O(ma®), which contribute to the heavy quarkonium mass at N*LO.
Nevertheless, since some expectation values are divergent, some of energy shifts are
logarithmic enhanced, i.e. of order O(ma®In(-%)). Such corrections contribute to the
heavy quarkonium mass at N3LL. These divergences, and the associated factorization
scale v, get canceled by the corresponding divergence in the spin-independent delta
potential. By incorporating the HQET Wilson coefficients with LL accuracyﬂ in
the ar/m?* and the o?/m? spin-independent potentials, the divergent structure of the
potential loops determines the piece associated to these potentials to the RGE of the
spin-independent delta potential with N3LL precision.

e In Sec. we compute the soft a®/m? contribution to the spin-independent delta-
like potential proportional to c%l) 2, cg)Q, 551)"’ and é&mhl. Unlike before, this potential
is divergent. Therefore, for future use, we also give the renormalized expression. The
divergent part produces corrections of O(ma’In(-%)) i.e. of N®LL precision. From
these divergences, we generate in Sec. the soft contribution to the RGE of the
spin-independent delta potential and resum logarithms with N®LL precision. In order
to reach this accuracy, we need the NLL running of the 1/m and 1/m? HQET Wilson
coefficients. For cp this is known [55, 56] but not for &. The associated missing term
is of O(Tynyma®In(1/a)) and is expected to be quite small. Its computation will be
carried out in future publications. The possible mixing between the soft a®/m? and
the a?/m? spin-independent potentials is also quantified in Sec. [4.4.4]

2 Another possible definition is to divide it up into a spin-dependent part, called likewise spin-averaged
part, and a part dependent on the total spin, called likewise hyperfine splitting part

E(‘]v n) = Eéver(”) + SQEl/rlfs(n) ) (41)

This definition is adopted, for instance, in Refs. [12] 13| [14]. Using Eq. (A.14]) we can easily change from
one definition to the other

Fpyer () = Fover(n) — 3 Bus(n) (42)
Eyg(n) = 1Ehfs(n) : (4.3)

2

3These are known at O(1/m) [54], O(1/m?) [31,132] and O(1/m?) [35)].
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The computation of the soft a®/m? contribution to the spin-independent delta-like
potential proportional to the other NRQCD Wilson coefficients: 021)2, 01(3)2, c,(cl)c,(f),
dgs and d,s will be performed in future publications. The associated contribution
to the running is expected to be small compared to the total running of the heavy
quarkonium potential. We will estimate its size using the result of the running of the

already computed soft contribution.

e The N3LL ultrasoft running of the static, 1/m and 1/m? potentials was originally
computed in Refs. [57, B8, 59] (see also Refs. [60, 61]). This is enough for P-wave
analyses [6], where such corrections produce a N3LL shift to the energy. Nevertheless,
it is not so for S-wave states, as already noted in Refs. [12] [I3] for the case of
the hyperfine splitting. The reason is the generation of singular potentials through
divergent ultrasoft loops. We revisit it in Sec. and incorporate in Sec. the
missing contributions needed to have the complete ultrasoft-potential running that
produces N3LL shifts to the energy.

e Finally, in Sec. [£.5.3 we compute the complete potential contribution to the RGE
of the spin-independent delta-like potential with N3LL accuracy, which is the first
nonzero contribution. Solving this equation, we obtain the complete N3LL potential
running of the spin-independent delta potential. By adding everything together, we
obtain the spin-average S-wave mass (spin-independent contribution proportional to
010) with N3LL accuracy, except to a missing and already mentioned contribution
which is expected to be small. The N3LL running of the delta potential is also one
of the missing blocks to obtain the complete N?LL RG improved expression of the
Wilson coefficient of the electromagnetic current. This is indeed what is needed to
achieve N?LL precision for non-relativistic sum rules and the t-t production near
threshold. Since the spin-dependent contribution for [ # 0 (P-wave) and for [ = 0
(hyperfine splitting) has already been computed in earlier works [0l 12, [13], we only
consider here terms relevant for the N3LL S-wave spin-average energy. By adding
those results to the S-wave spin-average, the complete N*LL heavy quarkonium spec-
trum is obtained (P-wave and S-wave).

Throughout this thesis we work in the MS renormalization scheme, where the bare and
renormalized couplings are related by (D = 4 + 2¢)

252 921725 2 1 1 eE\ €
2:21 qg v L 2+ - 6 —26: 2 [ = 4.
dh=a i+ I+ (050) [Ba o] row)|. = () L as
where
11 4
Bo = ?CA_gTana
34 20
B = gcj—gcATnf—wFTnf. (4.6)

being n; the number of dynamical (active) quarks and o = g?v*“/(4x). This definition is
slightly different from the one used, for instance, in Ref. [62].
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In the following we will only distinguish between the bare coupling gz and the MS
renormalized coupling g when necessary. The running of « is governed by the g function
defined through

1 dao d « o o a2
5”5%_”2@%_5(0‘)_7{5(%*51 (3) +} (4.7

The coupling «(v) has ny active light flavours. Note that, with the precision achieved in
this work, we need in some cases the two-loop running of the coupling when solving the

RGEs. Finally, like in Ch. [2| we define

= (O‘j‘((:h))) g ~1— %a(l/h) In (yih) . (4.8)
4.3 pNRQCD Lagrangian

Integrating out the soft modes in NRQCD we end up with the EFT named pNRQCD. The
most general pNRQCD Lagrangian compatible with the symmetries of QCD that can be
constructed with a singlet and an octet quarkonium field, as well as an ultrasoft gluon field
to NLO in the multipole expansion has the form [I} 27]

L NRQCD Z/dSI" Tr {ST (i0o — hs(r,p, PR, S1,S2)) S+ O (iDg — ho(r, p, PR, S1,S2)) O}

Vi
+Va(r)Tr {O'r - gES + S'r - gEO} + #Tr {O'r- gEO + O'Or - gE}
1 ”f
_ZGZVGWQ + Z @i ilp g , (4.9)
i=1
p? 2
hs(r7 P, PR7 Sl7 S2> - 2mr + ﬁ + ‘/S<r7 P, PRJ Sla 82)7 (410)
2 2
ho(ra P, PRa Sl> SQ) = 2I;n7- + ﬁ + ‘/Z)(ra P, PR7 Sl7 S?)v (411)
where iDyO = 19,0 — g[Ap(R, 1), 0], Pr = —iVR for the singlet, Pr = —iDg for the
octet (where the covariant derivative is in the adjoint representation), p = —iV,,
m, = M’ (4.12)
mi + mo

and M = mj + mo. We adopt the color normalization

S=51/v/N., O =0"T*/\/T, (4.13)

for the singlet field S(r,R,t) and the octet field O%(r,R,t). Here and throughout this
thesis we denote the quark-antiquark distance vector by r, the center-of-mass position of
the quark-antiquark system by R, and the time by t.
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Both h, and the potential V, are operators acting on the Hilbert space of a heavy
quark-antiquark system in the singlet conﬁgurationﬂ Likewise, h, and the potential V,
are operators acting on the Hilbert space of a heavy quark-antiquark system in the octet
configuration. Both, V; and V, can be Taylor expanded in powers of 1/m (up to logarithms).
For the purposes of this thesis we only need to care about h,, so we will not pay too much
attention to h,. Therefore, at low orders we have

174¢Y V(g) 1.2 1 V}@)
Vi = VO Ty 12 (P2 V20 } +
m,  mime 12 2mims p mims
1 1
(1,1) (1,1)
L v L. 8, + —— v (1)L - 85+ O(1/m?), (4.14)
mims ! mims 2
3r - )
where S; = 01/2, Se = 032/2, L=r X p, and Sj5(r) = ot gz o1 0.

r2

The static potential V© is known with N®*LL accuracy [57, 58]. The N3LL result for
the spin-independent and momentum dependent 1/m and 1/m? potentials is also known in
different matching schemes [0, 59, [63]: on-shell, off-shell (Coulomb, Feynman) and Wilson.
In terms of the original definitions used in these papers, and in four dimensions, they read

CpCyDM
VO = yaOG) = yOh = A7 4.15
2 2,0 0,2 1,1
v v . Vi (r) . Vi) _ cpDP (4.16)
mymy  m3 m3 mims  2mimeor’ ’
2 2,0 0,2 1,1
E o e e ot
myms m3 m3 myms mymer ’

The spin-dependent and momentum-dependent potentials are also known with N3LL pre-
cision [6]. We use the following definitions in this thesis (again we refer to Ref. [6]):

(2)

1 (2) 1 (2,0) 1 (1,1) 3CFDLS
V = — Ve — Vo = — L 4.18
mimo LSl(r) (m% LS (T)+m1m2 LaSy (T) 2mims ( )

(2)

1 (2) 1 (0,2) 1 (1,1) 3CFDLS
—V = — Ve —V = —— =22 4.19
mMi1Mmo LSQ(T) (m% LS <T)+m1m2 LlSZ(T) 2mimes ( )

More delicate are ng ) and VT(Q), as their running is sensitive to potential loops, which
are more efficiently computed in momentum space. Therefore, it is more convenient to
work with the potential in momentum space, which is defined as follows:

Ve = (p|Vilp) - (4.20)

4Therefore, in a more mathematical notation, h — h, Vi(r,p) — Vs(f‘, p). We will however avoid this
notation in order to facilitate the reading.
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Then, the potential reads

i OIe)
v, = —47TCFq—— p* <§; + gm ) (2m)45@ (q) (4.21)
1 2
2
.. DV
FA 2m, |q|—2¢
QWCFZNDEZ) p2 + p/2 N 7TCF[)§2) p2 . p/2 2 .
mims q® MM q’
WCFD(Q) 47rC’FD(2) i itrei <
+ mlmz - dmlmiz [Slvsjl][s%sé]
47TCFDES~21)2 . ) . . qrqj
—=12 18" ST[S5, S | 677 —d —
I i sy 8y (o - a L)
67Cr p'q’ : P
e B (D81 8]+ DS 8))

where the Wilson coefficients D generically stand for the Fourier transform of the original
Wilson coefficients in position space D. For them, and also for ay, we use the power
counting LL/LO for the first nonvanishing correction, and so on.

The potential Vs(zl’l) is indeed known with the required N3LL accuracy [12, 3] (one
should be careful when comparing though, as there is a change in the basis of potentials

used there, compared with the one we use here). In terms of D(s22)7 it reads

(1,1) H(2)
mime 3m1m2
SCDA [ L1 so] (k452 ) (4.22)
3m1m2 47Treg ny dk 52 e ’ '
where
1 1 ek
— = “*TInk 4.23
T / 2mpc (4.23)
and we neglect higher order logarithms, as they are subleading.
Finally we consider V,, which in terms of D 2 reads
‘/;(2) ‘/;(2:0) r %(072) r %(1’1) r
_VEY) | V)
m11Mo my ms mime
7CrD?  wCp [ 11 d .
=6 Fd o= —reg— — Inwd® kDY 4.24
(r) myms +m1m2 47Treg nvo(r) dk . ( )

Unlike all the other potentials, we do not know Vr@) with N3LL precision. Presently, only
the N2LL expression is known [3]. This leads us to the main purpose of this chapter, the
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computatlon of V, with N3LL accuracy. This is equivalent to obtaining the NLL expression
of D . This will require the use of the other Wilson coefficients of the potentials to one
less order, namely LL. Indeed in Eq. we have already approximated the Fourier
transform of VIES) by its N?LL expression. Otherwise the momentum dependence is more
complicated.

At LL the Wilson coefficients are equal in position and momentum space. We only
explicitly display those that we will need later. For the static potential we have that
ay = ap = « at LL. For the rest, we show the results in the off-shell Coulomb (which are

equal to the Feynman at this order) and the on-shell matching schemes, except for DLS ,
which we do not need for the S-wave:

(LL _ HOLL _ 2 16 (Ca 5 a(v)
Dbt = Dbt = o?(v) + 30 ( 5 —|—CF) a”(v)In <—a(y2/z/h) : (4.25)
~ 20 m? 16 /C a(v)

pWIL _ HOLL _ 2 | 2Cr_m, 16 (Cy 2001
ON ON @ (V) OA MM + 360 9 + CF «@ (V) n O{(VZ/I/}Z)< P )
4.26

(@)LL _ A(2)LL _ (m1 +ma)? 204 a(v)
DY =Dy =alv)+ i 3 a(v)In a2 (4.27)
DG = DG = aw)di(v), (4.28)

~ 3

DEM = DG = alw)ch(v) - o G- () + Crdn(v). (4.29)

The Eqgs. (4.25[4.29) can be trivially written in terms of z defined in Eq. (4.8)), and in the
one-loop coupling approximation, using the relation

a(v) o a(v) 9
TP =2 e =2 . (4.30)
M (2)

The above precision is enough for the purposes of this thesis. We now turn to D,

Expanding D (k v) in powers of In k, we obtain

d
+ k-—DP(k,v)

DY (k,v) = D (v, v, v ) dk

-~ In (%) Fo, (431)

where we have made explicit the dependence on the different factorization scales.
So far we have not made explicit the dependence on v, ~ m. Nevertheless, it will play
an important role later, when solving the RGEs. Therefore, in the following, we use the

notation D( (Vs Vp, V3 V) = D( )(yh, v).
Vs=Vp=V

The Wilson coefficient ﬁ(z)(uh, v) can be Written in several ways: as a sum of the LL
term D) @) "M(up;v) and the NLL correction 5D NLL(Vh; v), or as the sum of the initial
condition at the hard scale D( ) (Vhyvn) = D( )( n) up to NLO and the pure running
contribution up to NLL 5Dd (vp; V), where 5Dd (vp;vp) = 0:

Vs=Vp=V

Dg)(yh; v) = Dg)(yh) + 5D52)(uh; V) = DéQ)LL(Vh; v)+ 5D£12)NLL(V;L; V). (4.32)
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This Wilson coefficient may depend on the matching scheme. Here we mainly consider
the off-shell Coulomb gauge matching scheme. Still, for later discussion, we also give
expressions in the on-shell matching scheme (see Ref. [II] for more details). The LL
running is known [3]:

DO W) = DELEw) = 2a(v) + —[des(v) + Crd,s(v)]

. 1 -
Dijox (V) = Diox (v) = a(v) + ——[dss(v) + Crdoy (v)]

mime 3B0 2 I/Q/Vh
where
- 1 cg) C(DQ)
dvs(V) = §7ra(y)m1m2 <m—% —+ m—%> + dvs(l/) (435)

is a gauge invariant combination of NRQCD Wilson coefficients whose LL running can
be found in Refs. [3, [I4]. We summarize them in Sec. . Again, Eqgs. (4.3314.35))
can be trivially written in terms of z and in the one-loop coupling approximation using
Eq. . In order to visualize the relative importance of the NLL corrections compared
with the LL term, we plot the latter in Fig. in the Coulomb gaugeﬂ For reference, in
these and later figures, we use the following numerical values for the heavy quark masses
and a(vp): mp = 4.73 GeV, a(my) = 0.216547, m, = 1.5 GeV, a(m.) = 0.348536 and
a(2mpme/(my+m.)) = 0.290758. So, v, = my, for bottomonium, v, = m, for charmonium,
and v, = 2m, = 2mym./(mp + m.) for the B, system.

From the LL result, using the v, independence of the potential at LO, one obtains

LL
d = 2 a? a? CYA 1) (2)
k%Dé,()]G (I/h; V) = _50? + 7 (20}7‘ - 7 C’(g )CI(€ (436)

2

a® |{my (1 4 5
+— {—1 (—Tfnfcilll(z) — g(OA + C’F)Cl(f)2 — ECAC;?)Q)

™ | Mo 3
my (1o w4 M2 _ O~ ()2
+m1 (3 Mmycy 3(0A+CF)Ck 120ACF

2 2
Cmtma) 4 (Ca o Yot (al) T
mims 3\ 2 T a(v?/vy)
This term contributes to the N3LL energy shift of the spectrum.

Since we know the NLO expression of D((f), we can determine the initial matching
condition. It reads

5Unlike in the other plots, we use here the two-loop running for «, which we compute using the
Mathematica package RunDec. The effect is small.
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""" n;=3 (SL)
........ nf=0 (LL]
ny;=3 (LL)
- ng=4 (LL)
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L=}
e
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Figure 4.1: Plot of Eq. , the LL running in the off-shell (Coulomb/Feynman) matching
scheme of 1322) for different values of ny (0,3,4) and in the SL approximation (in this case only
with ny = 3). Upper panel: Plot for bottomonium with v, = m;. Middle panel: Plot for
charmonium with v, = m.. Lower panel: Plot for B. with v, = 2mym./(my + m.).

> a?(vy) (28 4 20
Diox(n) = ala)+ 4(;) (ECA T30 =g Ty (4.37)
mq meo 25 10 1 _
—+ — | | 504 — =T, -
* (m2 + ml) |:180A 9 an:| > + WCF (d“(Vh) + Cdes(Vh)) 5
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~ a?(vy) (62 28
D) = 2a(m) + (vn) (30“‘ —CF— —C’Aln2— Ty

4m 9
mq mo 10 61 16
e I ) LASEELIRY
() 3o (R -5me) o)
1 _
+_7TC’F (dss(l/h) + C’des(l/h)) ) (4.38)

The heavy-gluon Wilson coefficient ¢p and the four-fermion Wilson coefficients dgss and d,
were computed at one-loop order in Ref. [28] and Ref. [I5] respectively, where one can
find the explicit expressions. For practical reasons, we summarize them in Sec. [E.4.2]

The NLL correction 513;2) NLL(Vh; v) can be conveniently splitted into the following
pieces

5D NLL(Vh; v) = [?6(12) MO0 (4.39)
+5l~)§i§LL( V) + 5D(2 NLL(V V) + 5deNLL(1/h; v),

where 6D(2 NLL(Vh; V), 5[?;?8) NEL (1 v) and 6D NLL(Vh; v) stand for the ultrasoft, soft and
potential NLL running of D((f). The second hne is zero when v = v,. The matching
condition Df) NLO(Vh) is the O(a?) term of Eq. 1) or Eq. 1) depending on the
matching scheme. Their numerical values in the Coulomb gauge matching scheme are; for
bottomonium, 0.042, 0.052 and 0.081 for ny=4, 3, and 0 respectively; for charmonium,
0.108, 0.134 and 0.211 for ny=4, 3, and 0 respectively; and for B, 0.048, 0.072 and 0.142
for ny=4, 3, and 0 respectively. We nicely observe that these numbers generate small
corrections to the leading order results.
At present, the NLL running is only known for the ultrasoft term [59):

5Ddu§LL( Upiv) = (my + m3)® 4m (%_CF) (v ){%ln( (oz(l/) ))ala(y)

mimy  fo a(v? /vy, 47

80 1 1

+(a(v?/vn) — a(v)) (§E(4w)2 272

(Ca (47 +67°) — 10Tan)> } , (4.40)

where a; = 31C4/9 — 20T%ns/9. This equation can also be conveniently written in terms
of z and in the one-loop coupling approximation using Eq. . We show the size of
this correction in Fig. [£.2] Note that the ultrasoft contribution to the delta potential
vanishes in the large N, limit (it is 1/N? suppressed). Nevertheless, it quickly becomes
big at relatively small scales because the overall coefficient is large and the ultrasoft scale
quickly becomes small. Finally, note also that part of the ultrasoft correction (proportional
to Ink) is included in Eq. (4.36).

The mlssmg terms to obtain the complete NLL running of Dd are then 5D
and 5D NLL(Vh, v). For 5D NLL(I/h, v) we need the two-loop soft computatlonﬁ of D((f)

() NLL(Vh‘ V)

5That is the UV divergent part of the two loop matching between NRQCD and pNRQCD at O(1/m?).
More precisely, the one that gets absorbed in the delta-like potential.
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Figure 4.2: Plot of Eq. (4.40), the NLL ultrasoft running in the off-shell (Coulomb/Feynman)

matching scheme of D[(f) for different values of ny (0,3,4) and in the SL approximation (in this
case only with ny = 3). Upper panel: Plot for bottomonium with v}, = m;. Middle panel:
Plot for charmonium with v, = m.. Lower panel: Plot for B, with v, = 2mym./(mp + me).

and the associated soft RGE, which we partially obtain in Sec. and Sec. K.5.1}
respectively. In Sec. we discuss the mixing between the a®/m? and o*/m? potentials
coming from the use of the EOM in energy-dependent potentials. For 6DL(12NLL(1/;1; V) we
need to determine and solve the potential RGE. This requires first the matching between

NRQCD and pNRQCD to higher orders in 1/m, which we do in Sec. and Sec. [4.4.2]

an extra ultrasoft associated running, which we obtain in Sec. [4.5.2] and obtaining the
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potential RGE, which we do in Sec. 4.5.3]

4.4 Matching NRQCD with pNRQCD: The SI poten-
tial

In this section we compute the potentials whose expectation values produce corrections
to the O(ma’) S-wave spectrun} This means the O(a/m?), O(a?/m?) and O(a?®/m?)
potentialff} Of them, we mostly care about those that produce logarithmic enhanced
contributions to the spectrum. On the one hand, the O(a/m*) and O(a?/m?) potentials
are finite (the soft, potential and ultrasoft contributions to their running are zero), so their
expectation value does not produce logarithmically enhanced corrections. Some of them
can be traced back from the QED computation. We mainly compare with Ref. [64], but
one could also look into Ref. [65] for the equal mass case. Since they are finite, the only way
they can produce logarithmically enhanced corrections is through the divergences generated
when inserting these potentials into potential loops. These divergences get then absorbed
by the O(a?®/m?) potential producing logarithmically enhanced corrections. On the other
hand, there is another source of logarithmically enhanced contributions to the spectrum
which is not generated by potential loops, but by the divergent structure of the O(a?®/m?)
potential itself i.e. by the divergences appearing in the matching calculation between
NRQCD and pNRQCD. We refer to the running of the O(a®/m?) potential produced by
potential loops as potential running and the one produced by the matching calculation as
soft running. The former case will be discussed in Sec. whereas the latter in Sec.
4511

The spin-dependent case was computed in Refs. [12, [13]. Explicit expressions for the
potentials can be found in the Appendix of Ref. [I4]. They produced corrections to the
hyperfine splitting, but not to the fine splittings, as shown in Ref. [6].

"An example of how these computations are caried out is given in Sec.

8The expectation value of the O(a®) Coulomb potential and the O(a*/m) potential also contribute to
the spectrum at O(ma®), and their divergences produce logarithmically enhanced corrections. However,
these are only relevant for P-wave states i.e. their contributions are not proportional to d;g9, and for this
reason they are not considered. The p®/m® correction to the kinetic term does not has to be considered
neither, since it does not give ultraviolet divergent corrections
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4.4.1 O(a/m*) potential

From a tree level computation (see topology (a) in Fig. [4.3) we obtain the complete
spin-independent O(a/m?) potential in momentum space:

2

T N C PR A
‘ DD P 64m2m3
1 2
md T md k?
NOC)
—Cpg® | =2+ 27| (P> +p")
mi - mj
1) 2
—Cpg? (Cg(zz, i Cg{%) K2
mi - mj
g e 1

2 2)2
Oy (p2 _ p/2>2 <2(p2 + p’2) K2 (p° —p”) >

16m2m? k* k2

2 D@ (@) 1) + 2 2)2
O 9 ( 4 Qk LG 2k p’+p’ (2(p2+p/2)—k2— (p° — p") )
2

16myms mj m k2 k2
2 (1) .(2) (2 (1) 2 1212
Y CyM Ck Cm Gk (p* —p"”) "2
—C — . 4.41
F16mymy ( m3 + m3 ) ( k2 (p+p) ) ( )
In this result we have already used the full EOM replacing [66]
2
) 5 D ® P 4.42
(0 =~ PP (4.42)

Such (k%)% terms are generated by Taylor expanding in powers of the transferred energy
k° the denominator of the transverse gluon propagator.

Not all terms in Eq. contribute to the NLL running of the delta potential. The
ones that are local (or pseudolocal) do not contribute, as they do not produce potential
loop divergences, since the expectation values of these potentials are proportional to [1/(0)|?
and/or analytic derivatives of it (kind of W?¢(0)|?), which are finite. This happens for
instance for the potentials proportional to ¢%, cxs and cxs. It is also this fact that allows
us to neglect 1/m? potentials generated by dimension eight four-heavy fermion operators
of the NRQCD Lagrangian.

As we have incorporated the LL running of the HQET Wilson coefficients, these po-
tentials are already RG improved.

Note that with trivial modifications these potentials are also valid for QED.

4.4.2 O(a?/m?) potential

We now compute the complete set of the O(a?/m?) spin-independent potentials. We show
the relevant topologies that contribute to the a?/m? potential in Fig. [4.3l By properly
changing the vertices all potentials are generated.
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Figure 4.3: The first diagram is the only topology that contributes to the tree level potential.
Properly changing the vertex and/or Taylor expanding the denominator of the propagators all
potentials are generated. The other diagrams are the general topologies that contribute to the
a?/m3 potential. Again, properly changing the vertices and /or Taylor expanding the denominator
of the propagators, all potentials are generated.

The (b)-type diagrams in Fig. do not generate O(a?/m?) potentials in the Coulomb
gauge.
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The (c)-type diagrams in Fig. do generate O(a?/m?3) potentials. They read

~ Ca\ o) 2 g*  E|+ FE,
ey _ o (0. G4m0
Loop R N e ST TRE

x (2(p2 pp?)—x - @ ;gp/2)2 - 2e klzip/ . k)) c (443

12 (2) (1) (2)2
‘71(1@2) - —Cp|Op— % g' kS X Cr Ck k|12
oo 2 256m1m2 mi meo

2 oK)k 2pp*+p?) 11
X (3(1) +p") 16 et
_1 (p? — p2)? - 1(p2 4 p’2)2)

4.44
4 k4 2 k4 (444)

The (d)-type diagrams in Fig. do not generate O(a?/m?) potentials.
The (e)-type diagrams in Fig. do generate O(a?/m?) potentials. They read

e C 4 (12 (2) 1) (2)2
‘/1(1001;)) = CFf (QCF——A> g (C Ck +Ck k >|k|1+2e

mg

y (M _r_3 ) (4.45)

k2 2

(1) (2)
W = ce (20r - )29_56( )We
g_ CAQ ’k|1+2e
012

gt 24D @2mY
—Cp | 2CF — k|t
F ( E ) 128m1m2 my + mo | |

1) 2) (1
_CFCA 94 (C(D Cl(s) + C(D)Cl(c )> ‘k|1+26

256mime mq Mo

1 2
TFC g4 0543? + % ’k|1+26
N, T128 m3

<1) 2)
TIp 94 Cy Cy 1
—Cp 4oy Ad e i2e 4.46
N, Fos6 ( + m3 [k (4.46)

Ca
2
—Cp (QC'F _Ga
2
Ca
2

The (f)-type diagrams in Fig. do generate O(a?/m?) potentials. They read

4 /M2 @2 L
V(fl _C CAg_ <CF ck + CF Ck ) ’k|1+26u (447>

Hoop = 128 m3 m3 k?z 7
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~ 4 1) [(2) 2 .(1)
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EQ E2 E/Q E12
Vs _ o Oy 2 |k|5t2 1 =1 (2) 22 k) — AV (2) =2 "k
1100p F | | Ck my +Ck Mo (p ) Ck my +Ck Mo (p z ) )
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Vi) = CrCafg (o (B B + o (Ba By | 02 (455)

The rest of the topologies: (g), (h), (i) and (j), do not contribute. Note that those
topologies include, in particular, the one-loop diagrams proportional to ¢! or di, as they
may produce O(« 2 /m?) potentials. We find that such contributions vanish.

As we have incorporated the LL running of the HQET Wilson coefficients, these po-
tentials are already RG improved.

Note that with trivial modifications these potentials are also valid for QED.

4.4.3 O(a®/m?) V, potential

In this section we perform a partial computation of the O(a®/m?) soft contribution to
the V. potential. The contrlbutlons we compute here are those proportional to the HQET
Wilson coefficients cg) and ¢ F) We define

DEIQ) Dc(i2,0) Dc(iO,Q) N D((il,l)

= i 4.56
MM m% + m% mims ( )
Using the notation of Ref. [I1],
2 1.2¢
[(2,0) _ /(20 _ 2 (2,0) gpk 0) gBk 20)
WCFDCLB _Dﬁ )_gBCF {Dn1 + (47r)2D’"2 + (47r)4D + - } (4.57)

the bare new result reads
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(4.58)

With obvious changes the same result is obtained for [?,(,?52). It is worth emphasizing that

this expression vanishes in pure QED. A nontrivial check of this result is that cp and ¢
appear in the gauge invariant combination ¢ = cp + . Another nontrivial check is that
the counterterm is independent of k£ and that the 1/e? terms comply with the constraints
from RG. This computation has been done in the Feynman gauge (with a general gauge
parameter £) in the kinematic configuration p = k and p’ = 0. We also set the external
energy to zero. Not setting it to zero produces subleading corrections (we recall that the
one-loop computation of this contribution has no energy dependence [I1]). The result is
shown to be independent of the gauge fixing parameter &.

For future computations, it is useful to explain the convention we have taken for the
D-dimensional spin matrices. For the c%) vertex we typically take a covariant notation o*
(see for instance Ref. [30]) and project to the particle or the antiparticle sector, depending
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if the external legs are quarks or antiquarks, in order to single out the spin-independent
part, as we did when we computed the one-loop matching of four fermion operators in
Ch. |3l In particular, we can use Eq. because the structure of the delta-like potential
is the same that the one of the four fermion vertices. Indeed, in the matching between
NRQCD and pNRQCD, the contribution coming from these operators gets absorbed into
the delta-like potential Wilson coefficient. Basically, the numerator in the loop integrals
becomes:

) 4 70) /2] Tr[( (3 —70)/2]
Tr[(1+4°)/2] Tr[(1 = ~°)/2]
Where the dots stand for the numerators of the Feynman integrals coming from the particle
and the antiparticle, respectively, before any projection is carried out. At one-loop, this
procedure gives the same result as using Pauli matrices with the conventions used in Ref.
[11].
Though not directly relevant for this work, we also give the MS renormalized expression
of the bare potential computed above. It will be of relevance for future computations of
the spectrum at N*LO and for decays. The result reads (o = a(v))
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where we have also included the O(a?) term. Note that this contribution does not mix with

VIEQ). Therefore, it really corresponds to the contributions proportional to cg) and E}fl(l) of

DY , as defined in Ref. [I1I]. With obvious changes a similar expression is obtained for

D) (k).

Note that there is a missing term proportional to c,(fl) 2 (c,(f) %) in [)5(12’0) (DEZO’Q)) and other
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missing terms proportional to cg)cg), dss and d,s in 1321’1), which are the only contributions

it has. Finally, note that the missing part of the soft term should carefully be computed in
a way consistent with the scheme we have used for the rest of the computation, in particular
for the a?/m? potential, as a strong mixing (if using the EOMs/field redefinitions) of the
terms proportional to 7 is expected. In the next section we will see how this mixing takes
place for the terms proportional to c%.

4.4.4 Equations of motion

Some of the potentials we have obtained in Sec. are energy-dependent. If we want to
eliminate such energy dependence, and write an energy independent potential, it can be
achieved by using field redefinitions. At the order we are working, it is enough to use the
full EOM at the leading order, which includes the Coulomb potential. We first consider
Eq. , which depends on the total energy of the heavy quarkonium and, for this reason,
does not contribute to the running of the delta potential. We next consider Eq. ,
which is the only energy-dependent potential proportional to cgﬂ. Such a potential is
generated by the following interaction Lagrangian:

g D2
Logo = —CpCa—sz—=L

S 128 m? / &Py d®wo (P (00 (8, x1)) — (1009 )(t, %1))

d3k 6zkx
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—chAg F | BadPryth(t,x))

128 m3
d3k 6zkx ' T
| e ———(x}i0oxe(t, %2) — (100x])xc(t, X2)) - (4.61)

For this Lagrangian one can use the EOMs

<i80 + %) U(t,x) — /d3x2¢(t,x)VC(x — X)X xe(t,x2) = 0, (4.62)

1
where Vo (x) = —Cra/|x|, and similarly for the other fields. We then obtain
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where the dots stand for the analogous contribution for the antiparticle.
The first term in Eq. (4.63]) yields the potential we obtain after using the free on-shell

EOMs in Eq. (4.55). It reads

1)2 (1 2)2 (2
V(f79) — CFCAg_4 C%) cl(c) + C%) Cl(c) ’k|1+26p2 +p/2 (4 64)
Hoop 256\ mf m3 k2 '

The second term is a six-fermion field term. After contracting two of themﬂ, a new o®/m?
potential is generated. Here we only care about the divergent part because we are only
interested in logarithmically enhanced contributions to the spectrum. It reads

6 7.4¢ (1)2 (2)2
= (f,9) _ i 5~ 9k Cr Cp 1

It is worth mentioning that this contribution has a different color structure compared to
the one of the purely soft contributions computed in Sec. . It is also 7% enhanced
compared to them. Therefore, one could expect it to be more important than the strictly
purely soft contribution.

Remarkably enough, we will see later that the contributions from Eqs. (4.64) and
to the running of the delta-like potential cancel each other in the equal mass case,
but not for different masses. This was to be expected, since in the equal mass case, the
potential can be written in terms of the total energy of the heavy quarkonium, which does
not produce divergences that should be absorbed in the delta-like potential.

It is worth mentioning that this exhausts all possible 02)2 structures that can be gener-
ated. To be sure of this statement, we have to check that the result does not depend on the
gauge. Therefore, we have redone the diagrams proportional to cg)z (i.e. the associated

contributions to 171(16002;, 171%02 and 171%;2) in the Feynman gauge and have found the same
result.

The other potentials that are dependent on the energy are proportional to cz. As before,
these contributions will mix with the a®/m? purely soft contribution proportional to ¢z,
which we have not computed anyhow. Therefore, in this thesis, we only include the explicit
contribution generated using the free EOMs and postpone the incorporation of the other
contribution to have the full result. The contributions we explicitly include in this thesis
read

"We use {¢(x), %! (y)} = 6@ (x —y) and {xc(x),x[(y)} = 0¥ (x ~ y).
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4.5 NLL running of DC(ZQ)

In this section we compute the NLL soft and potential running of D((f).

4.5.1 Soft running

From the results obtained in Sec. we can obtain the O(a?) soft RGE of D((f) (the
O(a?) soft RGE can be found in Ref. [3]) proportional to 02)2 and c?l(l). In practice,

such a computation can be understood as getting the NLL soft running of ds + Crdys (see
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Eq. (4.33) or Eq. (4.34). It reads

d - C
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The O(a?) stands for terms proportional to NRQCD Wilson coefficients different from
c;f” and c?l(i). This equation is meant to represent the pure-soft running of the NRQCD
Wilson coefficients. It does not give the full running of [?((12), as one should also include
the potential and ultrasoft running. We fix the initial matching condition to zero, since we
only need the initial matching condition of the total potential, which can be added in the
final step, when combining the different contributions.

The strict NLL contribution to the solution of this equationm reads (the LL is already

10See App. in order to see a more detailed discussion of how this contribution is computed, as well
as, to find some necessary Wilson coefficients.
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included in Eq. (4.33))

7Crd DY = [dys + Cpdy N = —a?(13,)Cr [(46502(757771? — 306mymg 4 757m?)

—13824C%(2m2 — 3mymy + 2mE)niTh + C5 (55800F(53m§ +102myms + 53m2)
+(—590218m7 + 342117mymy — 590218m§)nfTF) — CinsTr (34CF(8347m§
+38772mimy + 8347m3) — 3(115117m? — 101466m,my + 115117m§)nfTF)
+3204n73T} (810}27(70711% — 83mymg + 70m3) — 4Cp(5m] — 459myms + 5m3)nTr
+120(m? + mg)n§T§> — 8Cin; T} (810%(56677@% — 563mymy + 566m3) — 3CE(193m3
—17595mams + 193m2)n T + 2(739m2 + 1080myms + 739m§)n§T§>

+6C3n T (3600%(106771% — 93mymy + 106m32) + Cp(10129m? + 187731myms
+10129m3)nTr — 4(2536m3 — 4959m msy + 2536m§)n§T;))

1
% 36m1m2(310A — 16nfTF)(5C'A — 4npr)(110A — 4nfTF)2(ZC’A — nfTF)

+5C4(m? +m3) (397033 + 48Cpn3 T + 11C5(33Cr — 35nTy) + 10Can,;Tr(—21C

1
6m1m2(5CA — 4nfTF)(1lCA — 4nfTF)2

—HOnfTF)) 3 (50a—4nsTr)

1
468mymy(11C4 — 4nTr)?

+13mimy + 6m3) + 1240(m? + m2)n fTF> +2Can T (CF(—15134m% + 5967mymy

(19890§(8m% + 3mymg + 8m3) + 8Crn;Tr (81CF(6m§

—15134m3) + 3100(m7 + m3)n fTF) + 2073 (3978CF(2m§ — 3mymy + 2m3)

_5(2263m% + 351m1m2 —+ 2263m§)nfTF))Z§(1ICA4nfTF)

8

+2<5CA -+ SCF)(mf -+ m%)nfTF(—1327CA +594CF + 620nfTF)Z%CA_§”fTF
117m1m2(3lCA — 16nfTF)(1lCA — 4nfTF)

—Ca(m? +m3) (1505’4 — 188C3n Ty — 2n3TH(27C + 10n;Tr) + CansTr(216Cp

1
12m1m2(110A — 4npr)2(2CA — npr)

503 (1 - 2460t (m% In () +m3 () )
2myme(5Cy — 4AnfTr) ] '

We do not aim in this thesis to give a full-fledged phenomenological analysis. Still, we

(4.70)
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Figure 4.4: Plot of the NLL soft running due to Eq. to 513555) NLL for different values of
n¢ (0,3,4) and in the SL approximation (in this case only with ny = 3). Upper panel: Plot
for bottomonium with v, = mp. Middle panel: Plot for charmonium with v, = m.. Lower
panel: Plot for B. with v, = 2myme/(my, + me).

compute numerically the running of 5ﬁfs) NEL 46 see its size. We show the result in Fig.

The contribution is small compared to the LL, as expected, and it is comparable to
the NLL ultrasoft running.

To this contribution one should also add the contributions generated by the new o /m?
potentials that appear after using the full EOM. Of those, we only computed the potentials
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Figure 4.5: Plot of the extra contribution to the NLL soft running, §D

ol g new

v [ GeV)

l(fz NLL, due to Eq.

@72,

for different values of ny (0,3,4) and in the SL approximation (in this case only with ny = 3).
Upper panel: Plot for bottomonium with v, = my. Middle panel: Plot for charmonium with

vp, = me. Lower panel: Plot for B, with v, = 2myme./(my + me).

(92

and ¢l (the latter happened to be zero). In other words, we must

proportional to cp
add the contribution coming from the potential given in Eq. (4.65)). This generates a new

contribution to the soft RGE:

d _
s 7 dss dvs
v av. ( + Cp )

soft

1
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m2 (1)2
—Cp

my

mi (2)2
+m2cF ),

(4.71)



where the dots stand for the already computed soft contribution. Its solution reads

SDH@NLL _ (1j (dus + Crdyy) =  1CACk(mE +m3)(1 — 2 2 =P))a (1)

4.72
d,new 7Cr 4m1mQ(CA - 60) ( )

We show the size of this new contribution in Fig. 1.5l The soft running will change to
SpE L pE
Let us note that the ¢? terms can also mix with the o?/m? potentials through field

redefinitions. This contribution could be different for other matching schemes (see the

discussion in Sec. .

4.5.2 Ultrasoft running

To obtain the complete potential RGE, we also need an extra potential divergence that
is generated by ultrasoft divergences. This term was already computed in Ref. [14] and
applied to the spin-dependent case. Here, we give the full term, which contributes to both,
the spin-dependent and spin-independent terms. It is generated by the following diagram

CSO000775,
&
e W

L(E VO — p2/(2m,))

which produces the following ultrasoft RGE

d—‘/SQ,l/r3 - 4C(F 2Sl : SQC_(F]‘-)(VUS)C_(F?)(VUS) . 3 (C.(P}p(yus) 4 Cg)Q(VUS)>]
4

Pus duvy, 3 m1Mmo mi ms
1 1Y\ (V, — Vs)2 a(Vys)
vV, — V)3 — + — , 4.73
) <( S (m1 * m2> 2r2 > [ 27 (4.73)

or alternatively (but equivalent at this order)

dVs2 1/, _ 4CF |28y - SQCg)(uus)cg)(uus) 3 (cg)Q(VUS) N cg)z(yus)>]
4

T3 mam, 3 m3
<V, (V, = V,)? [M} . (4.74)
2T

Using that the LL running of ¢r is independent of the masses (we take the initial matching
condition to be v, for both heavy quarks), its solution reads

4 2SS 1 1
VSQ71/7~3 - ﬁ { ! 2 5 <—2 + —2):| V;;(VO — V’S)QDl/quz s (475)

3 mime 4 \m7  mj
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or

4CFr [2S; - S 3 1 1
VYS2,1/7‘3 = = |:# - Z (_ + _2):| ZDS2,1/7“3

2
3 mims miy  ms

X ((VO —Vi)? + (i + i) M) : (4.76)

my Mo 2r2

where (we use the same notation that in Ref. [14])

(5((;3)2% - (52(1/)90/6] ~ (8.7

The potential Vg2 /s is singular and will contribute to the potential running of Dc(f).

When solving the potential RGE we write Eq. (4.77) in terms of z, and in the one-loop
approximation, which can be done trivially.

1
204

Ds271/7,3 -

4.5.3 Potential running

We now have all the necessary preliminary ingredients to obtain the complete potential
RGE. The next step is to compute all potential loopﬂ that produce UV divergences
that get absorbed in DEZQ) and are at most of O(a?). Since the delta-like potential is of
O(1/m?), we must construct potential loop diagrams of O(a"/m?) with n < 3, describing
the interaction between the two heavy quarks in the bound state through several potentials.
The first nonvanishing contribution to the potential running is indeed of O(a?®/m?). To
construct such potential loop diagrams, we must consider the power of o and m of each
potential and take into account that each propagator adds an extra power of the mass in
the numerator. We summarize all kind of diagrams that contribute to the NLL potential
running of D((f) in Figs. | , where V¢ is the tree level, O(a), Coulomb potential,
Vor /ms is the O(a” /m®) potential and V},,,s corresponds to the first relativistic correction
to the kinetic energy, and it is proportional to c¢4. The UV divergences arising in such
diagrams must be absorbed in the 1/m? potentials. However, after the computation, we
observe that all divergences are only absorbed by the delta-like potential. It is important to
mention that the iteration of two or more spin-dependent potentials can give a contribution
to Df), associated to a spin-independent potential.

It is interesting to discuss in more detail which of the novel o /m? potentials computed
in Sec. and Sec. (we remind that here we use the potentials after using the
free equations of motion, i.e. the expressions in Sec. for the energy-dependent
potentials) contribute to the running of DQ). The potentials in Eqgs. @ do not

contribute to the running of 1322): Eq. 1) does not because it is proportional to a
total derivative, whereas Eq. does not because of the following argument: the only
possible potential loop that can be constructed with an O(a?/m?) potential is the iteration
of it with a Coulomb potential. As a consequence, the a?/m? potential is always applied
to an external momentum. When the high loop momentum limit is taken in the integral

1A detailed example of the computation of a potential loop is given in Sec.
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Figure 4.6: Divergent diagrams with one potential loop that contribute to the running of 1522)
at O(a?).

—————— R —
Va/ma Ve Ve
—————— S - I —
Ve Vi /ma Ve
—————— RS = T —
Ve Voo Vi
—————— R T T —
1'/.C!/?’nz V::t/mQ L/('
—————— R —
1/;‘(/7?’?-2 Ve I’c:r/'m,Q
—————— RS~ —
Ve V;r/rnz I’o:/m2

Figure 4.7: Divergent diagrams with two potential loops that contribute to the running of fo)
at O(a?).

in order to find the UV pole, all these external momenta vanish and all the terms become
proportional to |k|'*2¢. After doing so, and summing all the terms, the overall coefficient is
zero, explaining the fact that they do not contribute. This argument also applies to V(1)
and V) (with i = 1 to 6). Contrarily, V(¢? and VU"7/%/9 do contribute to the running.
Note that VU® and VU were originally dependent on the energy.

Diagrams with Vj,,s in the extremes of a potential loop, i.e. acting over an external
momentum, have not been drawn because they do not produce UV divergences. Similarly,
diagrams with V; /,,,5 do not produce UV divergences. Then, one can easily convince oneself
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Ve I’l/mq} Ve V;}/mz
—————— RS  E— —
V'("‘ Vl /m3 V;)/mQ I/(“'

—————— RS IR - T —
V;/mz Llfma Ve Ve
—————— | B R BRI e
Ve Ve Vi fm3 Va/m?
—————— RS — -—
Ve V:l/mz /ifm.S Ve
—————— RS IR - T —-—
Va/m? Ve Vijms Ve

D at O(a®).

—————— (RS U N D~
Ve Vijms Vi fm3 Ve Ve
—————— | RS Y~ —
L/(_' Ll/m"’ Ve I’l/m'3 Vv(“
—————— | RS Y~ —
Ve Ve V1 /m3 Vi /m3 Ve

ol C 1/m 1/m C

Figure 4.9: Divergent diagrams with four potential loops that contribute to the running of D((f)

at O(a?).

that there are no diagrams with five or more potential loops contributing to the O(a?)
anomalous dimension of D;. The above discussion exhausts all possible contributions.
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The potential RGE, reads

d -~ )NLL cz(ll) (2) ~(2)
—5D —QCFan —3 + —3 Dd

Vv m;  ms
s o om (= =) A @2 D2, 40
2 2. 3 4(11) Cf) ~(2)
1 2

o o . CORNC)
2DP DY — DYDY 4 DDaym,mim, (C‘*—g + CL)]
my
A @\
+CLadmimimy # + 4—3

+<@+ )OA<0A—20F> D@
my

Mo 2 S2,1/r3
(1) (2) (1) (2) (2) (1) (1)2 ()
—2C*% onozm [16m1m2 (C + CXl) + 2 <c4 Czk + “ 02 ) +

D B
+ 2 + 2
my mj

C (1) C(2)
+Cr (QCF — 7) a2anTm1m2 A1
(1) 2 Mz (2) (2)2 (1)
+1(cﬁ+c_3>+ 1 (cF C +cF ck>
4\ m3  ms mims mp my
)

(1) (13 (2)3 (1) (2)
cy c c c
my my ml my
2) (
S

(2)
1
——CpCaa’aym,mims [2 ( + C—
2 m3  m3
D2 @20\ (@
+ m3 + m3 B m3 + m3
1 2 1 2
(1) 2) (1) (2)
T Cy c 1 (cy c
+—FCFa2anrm1m2 [(- + ﬂ) + = (— + A4>] . (478)
N, m3 - oms 2\ md  m3

The first five lines are generated by potential loops with the a?/m and a/m? potentials, and
the p*/m3 correction to the kinetic energy (besides the iteration of the Coulomb potential,
accounted for by ay/). The sixth line is the term generated by the potential computed
in Sec. [4.5.2, The last six lines are generated by potential loops with the a?/m3 and
a/m* potentials (besides the iteration of the Coulomb potential, accounted for again by
ay ). The number of potential loops involved in each term is accounted by m,., since the
heavy quarkonium propagator is the only source of explicit powers of m, and the number
of propagators is equal to the number of potential loops. The Wilson coefficients on the
right hand side must be understood as having an accuracy such that Df; NEL i NLL. Note

that, for simplicity, we have already used c,(j) = 1 [45] in the heavy quarkonium propagator.
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In this way we can write it in terms of the reduced mass. If we want to recover all the
¢, factors we just must replace m, — mlmg/(ck mo + cgc )ml) A part of this equation
was already computed in Ref. [67]. The QED limit of several of these terms can also be
checked with the computations done in Ref. [64].

If one is interested in Writing the counterterm it is enough to know that it scales as v
Then, smce (5D Q;NLL =D 7p}N2LL + 5PD(S%;NLL, the anomalous dimension, which we show

in Eq. (4.78) is given by

d .~@NLL d (2)NLL __
dV(SD dpR — dV(S D dp = ’Yébfl);NLL s (479)
and the counterterm by
~@NLL 1 L e
5de,p = _Z/yabt(fl)JNLLzl/ . (480)

It is interesting to see that there is a matching scheme dependence of the individual
a?/m? and ar/m* potentials that cancels out in the sum. In Sec. [.7] we perform a detailed
proof of this statement. In the above expression the coefficients ca,, cp, ¢y and cx;
appear. Note that the last two coefficients are dependent on cp due to reparametrization
invariance, so they are gauge-dependent quantities. From Ch. we know that cy, is
also gauge dependent. Such gauge dependence should vanish in the final result, since the
Wilson coefficient Dc(f) is directly related with the S-wave heavy quarkonium spectrum,
and indeed, it does. This is actually a strong check of the computation. In Eq.
we can approximate oy = « since everything is needed with LL accuracy. Then we can
show that everything can be written in terms of ¢4,, which is gauge independent (it is an
observable in the low energy limit of the Compton scattering; see the discussion in Sec.
or in Ref. [35]), and the explicit dependence on cp, ¢y, cx1 and ca, disappearﬂ The

12More precisely, everything can be written in terms of ¢4, and a new physical quantity ¢x; = 64cx; —
cA, =5/2—2C4,. The expression of ¢x; in terms of ¢4, have been obtained using relations between Wilson
coefficients imposed by reparametrization invariance, in particular, the relation 2c¢5¢ M= =c¥ D — ¢F, which we
found to be not satisfied in the Coulomb gauge. However, since cx1 is gauge-independent, it can be obtained
in the Feynman gauge using 2c5¢ = ¢/ —cp, which is satisfied in that gauge. The fact that 2cpr = cp —cp
is not satisfied in the Coulomb gauge implies that the relation 32cx; = 5/4 — ¢ + ¢p is neither satisfied
in that gauge. Indeed, we find that the true gauge independent relation that reparametrization invariance
should obtain is 32cx; = 5/4 — cp + cp + ! — 16d}!. Since in the Feynman gauge cf!F¢ — 164 F¢ = 0,
then 32¢55 = 5/4 — cp + ¢y is satisfied. A proof of this statement by explicit calculation would reinforce

our argument. However such a proof is left for future research.

101



resulting expression reads

d . ~@)NLL 5 5 1 L\ =@
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(1 2) 1) (2)

Cx Cy Cu 1 [cy Cu
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< 2) FammlmQ[(m?{+m§ +2 mi”+m§ ( )

where we have used Eq. in order to write the equation above in a explicitly gauge-
independent way. Note that, for simplicity, we have used c,(;) =1 [45].

From this result one may think that c4, and c4, contribute to the Abelian case. Never-
theless, the LO matching condition is zero for these Wilson coefficients, and all the running
vanishes in the Abelian limit. Therefore, there is no contradiction with the pure QED case.

In order to solve Eq. , we need to introduce the D’s, the Wilson coefficients of
the potentials. The necessary expressions can be found in Sec. [£.3] Note that in those
expressions we have already correlated the ultrasoft factorization scale v,s with v and v,
using vus = v?/v,. We also do so in Eq. , where we also set 1/r = v, consistent
with the precision of our computation. This correlation of scales was first introduced and
motivated in Ref. [68]. We also write the RGE in terms of z. Schematically, if we write

Eq. (4.81) as

d -~
yd—yapg?;NLL = F(a(v)), (4.82)
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Figure 4.10: Plot of (5[)22)NLL for different values of ny (0,3,4) and in the single log (SL)
approximation (in this case only with ny = 3). Upper panel: Plot for bottomonium with
v = my. Middle panel: Plot for charmonium with v, = m.. Lower panel: Plot for B, with

v = 2mpme/ (my + me).

then, in the one-loop running coupling approximation, and in terms of a derivative with

respect to «, it can be written as

d - 2
sDPN = — T F(a), (4.83)

@ B ﬂ()Oé2
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and finally, in terms of z as

dz P a(vy) 21480

Which is the equation we solve. For ny = 3 or 4 it is not possible to get an analytic solution
of the RGE, more specifically, for the coefficients multiplying the different z functions. Note
that this comes back to the fact that the polarizability Wilson coefficients ca,, ca,, ca,
and cy4, cannot be computed analytically. On top of that the resulting expressions are too

d 5[)(2) NLL _ 27T F(Z)

(4.84)
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long. Therefore, we only explicitly show the analytic result for ny = 0. It reads

1
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+24C%myma(my + ma)*m?2 4+ 2C,4,C%(my + my) <2m mam? + 12mymim? — 11mim?
+m3 (24m3 + 12mym?2 — 11m‘:’)) + C'iC’F< — 22mimom, — 1lmymim? — 11mym?
+mi(13m3 — 22mam, — 11m?3) + m3(13m3 + 22mim, — 11m2m§))) In(2 — 2110a/3)
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133103

+C3CF (19m1m2m3 + 8mam? + 19mima(—2m3 + m2) + 8mi(m3 + m?) + m7(8mj

T

548CF (CAm1m2(8m1 + 3mymg 4 8m3) — 56CEmims(my + my)*m?

+22m§m3)) — 20,07 (11m1m§m3 — dmym? + mi(8m3 — 4m?) + 11mimy(4m3 + m?)
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+m2mi(15my — 11m,)m? — 1Imim2 + mimy(4m3 + 15mam? — 22m?)
+mim3(16ms — 2mom? — 11m2) + mf(16m3 + 16mgom? — 11m ))

+C3CF <2m1m2(4m2 — 11m,)m? — 11mim? + mimim,(—22m3 + 19mym, — 11m?2)
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+mima(21m3 + 22mym? — 11m§)>>z220A/3 In(2 — 211Ca/3)

1

13310jm1m2 (76802 (m1 +ma)?* (Cimfmg + CE(my + ma)®m?2 + CaCr (2m1m2mf

+mim? + m?(2m3 + mf))) In*(2 — zlch/3)) (1920F(m1 + my)?

1331C%mim3
X (Cimfmg + Cr(m1 + ma)*m? + CaCr (2mimom? + mim? + m3 (2m3 + mf)))

x z22Cal31n2(9 — 2110,4/3)>] _ (4.85)

2) NLL

Finally, in Fig. [4.10, we give the numerical evaluation 5D for different values of
n¢. The contribution is sizable, and definitely more 1mportant than the soft and ultrasoft
running.
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4.5.4 Potential running, spin-dependent delta potential

Even though it is not relevant for this thesis, we profit to present the potential RGE of
Déi) in the basis we use in the present work, which is different from the basis used in Ref.
[14]. The final solution is nevertheless the same:

dD% 1 1 - m? ~(2) ~
s2 3 2.2 D r 2 D@ HA
dlnv 2, (mi’ m%) CrovDs: mimey Crav|2Di Dy

4722V A28 O (A2)? 5(1) 7 (2)
—5 (D)) —8DEDP - (D)) | — CaceDVDE

1 Sy o) 1% m: ) @
32, 2 p'p p'p 3,2 r
—i—ga Cgm, m2 cp +cp md | 2 Olemch Cy

Lo M2 o) g of 0 | o
_Za OFWCS CS — C’FmT CF m_% —+ m_%CF

. e
+-a*Cr(4Cr — Ca)m, | ci = 4 icF

2 ™o mi

(2)2 (1)2 2 3
1 1 C C 2 C (OA — 2CF)CY 2
e CrCam: (C”ﬁl—ﬁi@—f%’) STy ey 480

This equation has slightly changed with respect to Eq. (36) in Ref. [I4] because of the

change in the basis of potential. In particular, the term proportional to D(SQQ) changes to

compensate for the fact that l~?d2 is also different, so that the result is the same.

4.6 N°LL heavy quarkonium mass

For the organization of the computation and the presentation of the results we closely
follow the notation of Ref. [6]. In particular, we split the total RG improved potential in
the following way: _ _ _

VN () = VNEO() + 6VNEE (1, 0) (4.89)

where VNTO (1) = VN'U(y, = v, 1), We then split the total energy into the N3LO result
and the new contribution associated to the resummation of logarithms. The spectrum at
N3LO was obtained in Ref. [69] for the ground state, in Refs. [70, [71] for S-wave states,

13The change in the basis of potentials implies the following relations between the Wilson coefficients in
the two basis

D =02, (4.87)

D, =D -2DY), (4.88)

where the Wilson coefficients with the primes refer to the basis of potentials given in Ref. [14].
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and in Refs. |72} [73] for general quantum numbers but for the equal mass case. The result
for the unequal mass case was obtained in Ref. [I1].
From the RG improved potential one obtains the N'LL shift to the energy levels

ENiLL(Vh, V) - ENiLO(V> + 5ERG<V}“ V) (490)

NiLL

where the explicit expression for Eyijo(v) can be found in Ref. [I1], and in a different spin
basis in the Appendix B of Ref. [0].
The LO and NLO energy levels are unaffected by the RG improvement, i.e.

5ERG‘ :5ERG‘ —0. (4.91)
LL NLL

We now determine the variations with respect to the N2LO and N3LO results. We are
here interested in the corrections associated to the resummation of logarithms. In order to
obtain the spectrum at N2LL and N®LL we need to add the following energy shift to the
N2LO and N3LO spectrum:

0Fra| , = (nl|oVN (1, 1) |nl) (4.92)

which was computed in Ref. [3], and

WWEQLL(% v)[nl)

+ [5EU8(V, Vus) — 5EUs(I/, V)] (493)

OBmna| = (llOV v, v)lnd) + 2(nilVa

Note that (nl|§VN"TE (1, v)|nl) includes (nl|6VNV (v, v)|nl).
(SEM’RG‘N?’LL was computed for [ # 0 in Ref. [6], and for [ = 0, s = 1 in Refs. [12] 13].

To have the complete result for S-wave states, one needs to compute and add the new term
for{ =0

OEmha| = (Ol = 6V (v, v)[n0) + 2<nomm5wm(yh, v)|n0),
! (4.94)
where o
a
Vi=— i E(?Bg In(vre’®) +a1), (4.95)

and SVN'UL is the delta-related potential contribution to SVNM. The new term generated
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by 13512) reads

S|y = et CRODE ) — 5D ) T
+2 O D ) — D) [ ] P,
X {250 B + ”Z—” —22® (n,0) — gm (”;;”) - ;Sl(n)} - gal}
+777;S71§2 {_%} Q(mrgFOé)g (ln n;w — Si(n) — n2;1) 2010
LL LL
x (kd%[)ff)) M(yh; V) — ( d%[)g”) ky(y; )| | (4.96)

where 61?)((12) NEL s defined in Eq. . The first three lines are generated by the term
proportional to 6®) (r). The last two lines are the contribution to the S-wave (I = 0) energy
from the last term of Eq. . The contribution to the P-wave energy, proportional
to the 1 — 0y term, is already included in Ref. [6]. Therefore, we do not include it in
the expression above. To this contribution we have explicitly subtracted the fixed order
contribution already included in the N3LO result.

By adding 0 ENS L to the results computed in these reference one obtains the
’ L

‘N3L
complete result.

4.7 Matching scheme independence

In this section, we study the matching scheme dependence of Eq. . On the one
hand, the potentials obtained in Sec. [£.4] are computed in the Coulomb gauge. On the
other hand, the potential RGE obtained in Sec. is generated by potential loops, which
are independent of the gauge/matching scheme. The matching scheme dependence of
Eq. is generated implicitly by the Wilson coefficients of the potentials, such as D((f)
or DM and also explicitly, since we put the explicit expressions for the 1/m?® and 1/m*
potentials obtained in the Coulomb gauge. This last point makes that Eq. can only
be used in the Coulomb gauge matching scheme, though with not much effort it could be
written in terms of general structures of the 1/m?® and 1/m* potentials that would make
it also useful for a computation in a general matching scheme. Nevertheless, since we do
not know the 1/m? and 1/m* potentials in other matching schemes, we refrain from doing
so in this thesis. Still, it is worth studying how the differences between different matching

schemes show up in the terms where all the matching scheme dependence is encoded in
the D’s (the first four lines in Eq. (4.81)).

1Note though that one should change 2 = S(S + 1) by S(S + 1) — 3/2 in the result obtained in Refs.
[12, 13] to account for the change of operator basis to the one we use here. One should also change from
the on-shell to the Coulomb basis of potentials in Ref. [6] (this is very easy to do, as the ultrasoft running
is not affected by this transformation).
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At O(ma*) the Coulomb and Feynman matching schemes produce the same potential
but the on-shell scheme does not. At this order, the relation between the Wilson coefficients
of the delta-like and the 1/m potentials in the off-shell Coulomb gauge (equal to the
Feynman gauge at this order) and the on-shell schemes is given by

o 3
D = Db +alv), (4.97)

~(1 ~(1 2CF m?

DY = D8 + oﬂ(u)c—Am1m2 . (4.98)

At the order we are working in, the Eqs. (4.97}4.98) produce the following difference
between the potential RGEs of Dc(f) in the two matching schemes (for the first four lines

in Eq. (4.81)):

d =@ @) m; =)
dV(D’ — Didn) = 02m1m2 —4a*D{” + o

C 3
- a—Am1m2D(1)) , (4.99)

2 CG
CF m,.

which does not vanish. This difference can be understood through field redefinitions. After
applying a field redefinition to move from the off-shell Coulomb scheme to the on-shell
scheme, new potentials arise in the latter, which produce a contribution to the potential
RGE such that it cancels the difference given by Eq. . The field redefinition that
moves from the off-shell Coulomb to the on-shell schemes was already discussed in Refs.
[11), [74]. In the second reference, the discussion was focused on effects to the spectrum
up to O(ma®). We now need to see the logarithmically enhanced differences of O(ma®).
They can be traced back by using the following Hamiltonian in the Coulomb (Feynman)
gauge:

hoa = h©® + hS) + hSY (4.100)
where h(®) ~ mv? is the leading order Hamiltonian:
RO — P + VO, (4.101)
2m,

the term hg(); ~ mu* is the first relativistic correction to the Hamiltonian, with the explicit
potentials:

! 4 CpC,DW
I T 4.102
e “U8md ~ “8m3 dm, (4.102)
OFD§2) 1, C’FD§2) 1., 7TCFD(2)
- ) + —L —+ 5 ( )
2mimg |7 2myms 13 myms
SWCFDE;) 3CF 1 cpD® 1
8% g . 8,60 it A ) g, + D? g TEYs L g s
+ 3m1m2 1 2 (I‘) 2m1m2 7,3 ( LS 1+ LSo 2) 4m1m2 7’3 12(1‘) ,

and hg% ~ mv® is the next relativistic correction to the Hamiltonian. Important to
the present discussion are only those potentials which produce logarithmically enhanced
contributions to the spin-average S-wave spectrum, which were computed in momentum
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space in Sec. For this reason, we do not display them explicitly. The Hamiltonian hcg
correctly reproduces the O(ma®) spectrum once the Wilson coefficients of the potentials
are known with the necessary precision. For the purpose of the comparison, we can take
the O(a) static potential, so

I'(1/24+¢€) «

0 _ av, o I
4 OFr1+2e— Cr ql/2+e  plt2e

(4.103)

We now consider the field redefinition that transforms hcg into the on-shell Hamiltonian
hON:

U = exp (—mi{vv(r),p}) . (4.104)
W can be determined from the equation:
2
Vi) v = —W. (VVO)y. (4.105)

Since the only possible tensor structure of W is W = W (r?)r’, the above equation can be
written as

2 . .
[ASUR 7AST = Z Wt (VIVO). (4.106)
We then obtain .
i ™ r’
W= Ca(DS — DOY) - (4.107)
9B r

and

hon = UhcaU = hoa + 0h = BO + hE + 60 + B8 + 60 = @ + RS + B + -+ .
(4.108)
Both Hamiltonians, hcg and hon, must produce the same spectrum because it is an ob-
servable and its value can not depend on how the computation is carried out, in particular,
on the matching scheme. Therefore, 6h cannot produce energy shifts, and any change in
the potential RGE when changing from one scheme to another through transformations
like Egs. (4.9714.98) has to be compensated among different terms in such a way that the
potential RGE has exactly the same form written in one scheme or another, i.e. that it
is scheme independent. In other words, the change in the spectrum (the potential RGE)
caused by 6h® must be compensated by the change caused by 6h*). Note that hg‘(); does
not contribute to dh, so this piece of the Hamiltonian is not relevant to compute the dif-
ferences between both Hamiltonians to this order. The piece hgl)\I = h(2) + 6h® produces
the differences reported in Eq. . Such differences should be ehmlnated by the piece

hgll)\l = hg% + 6™ and indeed, they are. In momentum space Sh™ reads

(2) /
. 7D} 2(p-k)(p' - k)
5h(4) — C k 1+2¢ 4 k 1+2e
FgB 8m1m2 | | + (p p )| | ‘k|3_2€
1 m? g3 g1 1
C 2 CpC4D! —C’2 B B
* " myms ( A CG+4m F167T2) 47 e |k| 4
+e (4.109)
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Note that the term proportional to |k|**2¢ in the first line gives a contribution to the po-

tential RGE through potential loops. It is equivalent to generating a new a/m? potential.
The other two terms in the first line do not contribute to the potential RGE. Looking at the
second line, it is also interesting to see that there is a kind of soft contribution (divergent
o?/m? potential). The second term in the second line can also be interpreted as a pure-soft
contribution. This brings the interesting observation that even if the potential RGE can
be written in a matching-scheme-independent way, the implicit scheme dependence of the
potentials allows for a mixing with the soft computation (at least in the on-shell scheme).
Finally, for the dots in the third line we refer to extra contributions to 6, generated by
the field redefinitions, which do not contribute to the running.
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Conclusions

The research carried out in this dissertation has focused on the use EFTs of QCD to
perform high precision calculations of heavy quark and heavy quarkonium properties. The
major aim has been to make a step towards the complete determination of the heavy
quarkonium spectrum with N3LL accuracy. The obtained results will help us to improve our
understanding of the strong interaction, necessary to successfully describe the experiments
presently performed in large accelerator facilities.

In Ch. |2 we have obtained the LL running of the Wilson coefficients associated to the
1/m® HQET Lagrangian operators, in the Coulomb gauge, including n; massless spectator
quarks. The LL running is also obtained for combinations of Wilson coefficients that
are gauge-independent. These combinations are determined by computing the tree level
Compton scattering at O(1/m?) plus inspecting the RGEs. We find that the RGEs of
physical quantities depend only on gauge-independent quantities, as expected. This is a
very strong check of the computation. For the gauge-independent combinations, the RGEs
have been solved. The solution is presented for the particular case of ny = 4, since the
anomalous dimension matrix can not be diagonalized for a general ny. For this reason,
in the obtained expressions, the coefficients that multiply the different functions of z are
numerical. The Wilson coefficients evaluated at ny = 3 are also used throughout this thesis
despite of they are not presented explicitly. The reason is that they can be computed easily
once the RGEs are known. We also have computed the case of ny = 0 for which we obtain
analytic results. The Wilson coefficients have been computed with SL approximation, too.
These Wilson coefficients include the heavy quark chromopolarizabilities induced by the
strong interactions.

We have performed a numerical analysis of these results. Concerning the SI heavy-gluon
operators, we observe that the running produces a very large effect for the coefficients c4,
and cy,. For c4, and c4, the running is smaller but certainly sizeable. For the combinations
2ca, +Ca, and 2c4,+ca,, that appear in physical observables such as the heavy quarkonium
spectrum or the Compton scattering, the running is more moderate but still quite large. For
the spin-dependent heavy-gluon operators, we observe that the running produces a large
effect except for the combination ¢p, + cp,, which appears in the Compton scattering,
and whose running is smaller. In general, we conclude that the running produces a very
important effect over the Wilson coefficients, specially over the spin-independent ones.
The resummation of large logarithms introduces relevant corrections with respect to the
SL results, and it is particularly important is those cases where the behaviour is not
saturated by the SL expression. Spectator quark effects are observed to be numerically
subleading with respect to the ones coming from the heavy-gluon sector. However, they
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produce corrections that have to be included formally.

We observe that the relations between Wilson coefficients imposed by reparametriza-
tion invariance are satisfied when they involve gauge independent combinations of Wilson
coefficients. We observe that the relations 2c); = cp—cr 28] and d? = ' /16 [44], also im-
posed by reparametrization invariance, are not satisfied in the Coulomb gauge. Assuming
that d? = cp; + 84" is gauge independent and that in the Feynman gauge 2cy; = cp — cp
is satisfied, we find that d? = ¢}!/16 also must be satisfied in that gauge. Therefore, our
results do not contradict reparametrization invariance as long as we work in the Feynman
gauge (and possibly in any covariant gauge). Moreover, we propose a new gauge inde-
pendent relation, 2cy; + 16d™ = c¢p + ™ — cp, which we find to be satisfied in both, the
Coulomb and the Feynman gauge.

We have compared our results with the previous work done in Refs. [33] 34], where the
computation of the LL running of the 1/m? heavy-gluon operators of the HQET Lagrangian
was considered in the Feynman gauge. For the gauge invariant combinations we have
computed, the anomalous dimension matrix given in Ref. [33] yields different RGEs that
those we found in Sec. 2.5.2] and also yields different SL expressions compared to those
explicitly given in these references. Nevertheless, it is remarkable that we find agreement
with the explicit SL results given in Refs. [33,[34]. If we trust the SL results explicitly given
there, we find a clear indication that the quantities we computed are gauge independent.
Likewise, they are useful to test which Wilson coefficients are gauge dependent. The
inclusion of spectator quarks was considered in Ref. [29] in the Feynman gauge, but only
SL results were presented. For the gauge invariant combinations we have computed, the
SL expressions presented in this reference are in agreement with ours, except for di!, dh!,
" and d",

The Wilson coefficients we find correspond to a set of operators written in a more
standard basis, set by Ref. [28], than the one used previously by Refs. [29] 33, 34], and
they are connected more closely to observables, as the quantities we computed are gauge
independent.

Among the Wilson coefficients we have computed, the ones associated to SI operators
are necessary building blocks for the determination of the pNRQCD Lagrangian with N3LL
accuracy, which in turn is the necessary precision to completely determine the production
and annihilation of heavy quarkonium near threshold with N2LL accuracy and the heavy
quarkonium spectrum with N®LL precision. In the latter case, they enter into the N3LL S-
wave spin average contribution to the spectrum, which we partially compute in this thesis.
The ones associated to spin-dependent operators start to be relevant at higher orders. In
particular, they are necessary ingredients to obtain the pNRQCD Lagrangian with N4LO
and N*LL accuracy, which is the necessary precision to obtain the N*LO and the N*LL
heavy quarkonium spectrum. They also have applications in QED bound states like in
muonic hydrogen.

In order to compute the N3LL S-wave spin average contribution to the spectrum sev-
eral pieces are needed. All of them appear in the same place: the NLL running of the
spin-independent delta-like potential. These pieces are the soft, potential and ultrasoft
contributions to its running. This computation has been addressed in Ch. [4]

Concerning the soft running, we have computed the bare and renormalized O(a?/m?)
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spin-independent delta-like potential proportional to 0%1)2’ cg)z, égl)hl and 652)}”, and ob-

tained and solved the soft RGE. The missing terms to obtain the full result are the NLL
running of ¢!, whose associated missing contribution is of O(Tynma®In«), which is ex-

pected to be quite small, and the piece of the soft running proportional to c,(:ﬂ, c,(f)Q,

c,gl)c;Q), dss and d,s. The magnitude of this contribution is estimated to be smaller com-
pared to the potential running, since the soft running is 72 suppressed with respect to
it. It is also expected to be smaller than the complete running of the heavy quarkonium
potential. Even though the contribution from the missing terms is expected to be small, a
detailed phenomenological analysis is postponed to future publications.

Concerning the potential running, we needed the HQET Wilson coefficients computed
in Ch. [2] since they enter into the potentials of pNRQCD. Of all of them, we needed
to compute some which were previously unknown: the spin-independent O(a?/m?) and
O(a/m*) potentials. The computation have been carried out in the Coulomb gauge. We
have obtained the potential RGE of the spin-independent delta-like potential with NLL
accuracy, which is the first nonzero contribution to the potential running. An extra con-
tribution to the potential running with ultrasoft origin has also been included. We have
solved the RGE and obtained, after including the already known ultrasoft running [59],
the complete potential and ultrasoft running of the spin-independent delta-like potential
with NLL accuracy.

We have quantified the mixing between the o®/m? and the a?/m? potentials propor-
tional to %, which takes place when using the full EOMs in energy dependent potentials.
More precisely, we have observed that using the full EOMs in energy dependent a?/m?
potentials produces a finite @®/m? potential (coming from the free EOMs) and a divergent
o?/m? potential (coming from the Coulomb term in the full EOMs). We have not quanti-
fied the corresponding mixing proportional to c; because the soft contribution proportional
to ci is missing anyway.

The solution of the RGE is analytic in general. However, for the case of ny = 3,4,
the coefficients multiplying the different functions of z in the contribution coming from
the potential running are numerical. That is a direct consequence of the fact that, for
ny = 3,4, we could not find an analytical solution for the coefficients multiplying the
different functions of z in the chromopolarizabilities.

Combining the results we have found in the present dissertation (plus the ones that are
missing) with the results given in Refs. [11, 12, 13| we obtain the S-wave (spin average and
hyperfine splitting) heavy quarkonium mass with N3*LL accuracy. After incorporating the
results of Ref. [6], the complete N3LL heavy quarkonium spectrum would be obtained.

The scheme independence of the potential RGE have been studied. By using field
redefinitions we moved from the Coulomb gauge to the on-shell Hamiltonians and we
computed the difference between the potential RGE of the spin-independent delta-like
potential in both schemes.

Finally, we remark that significant parts of the computations we have carried out in
this dissertation are necessary building blocks for a future evaluation of the N*LO heavy
quarkonium spectrum.

2
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Future prospects

In the present dissertation, the NLL running of the Wilson coefficient associated to the
spin-independent delta-like potential have been completely determined up to two missing
soft contributions. The first one, which is expected to be more important, comes from the
UV divergent part of the O(a?/m?) potential proportional to CS) 2, c,(f) 2 c,(cl)c,(f), dss and d,;,
which is determined by matching NRQCD with pNRQCD. In principle, this computation
is feasible for the contributions proportional to dgs and d,;. The second one, which is
expected to be less important, comes from the need to have the NLL running of the HQET
Wilson coefficient &, which enters into the LL soft running of the spin-independent delta-
like potential. On the one hand, and once we will have determined the NLL soft RGE
proportional to dy and d,,, the ¢ missing term could be extracted from the two-loop
matching of the NRQCD four fermion operators taking advantage of the fact that all the
other terms in the soft RGE are known. Such a computation is starting to be considered.
On the other hand, the NLL running of ¢/ is not that important, since it is expected to be
quite small because it is of O(Tynma®Ina), and its contribution could even be negligible
in practice. However, it has to be computed formally. In order to determine it, we need
to compute in the framework of HQET to O(1/m?), the two-loop correction to the one
gluon vertex, which allows to determine cp, and the scattering of a heavy quark with a
massless quark, which allows to determine ¢f. Then, the coefficient we need is given by
el = cp + . In summary, the determination of such contributions is mandatory in order
to perform a complete phenomenological analysis of the N3LL S-wave spin-average heavy
quarkonium spectrum. Once it is determined, the full spectrum will be obtained to this
order, since the other contributions have already been computed in the past.

The complete determination of the NLL running of the spin-independent delta-like
potential is necessary to obtain the Wilson coefficient of the electromagnetic current with
N2LL precision. That is indeed what is needed to achieve N2LL precision for non-relativistic
sum rules and the ¢-f production near threshold. These computations are also of vital im-
portance for the most accurate determination of some of the Standard Model parameters,
like the masses of the heavy quarks: top, bottom and charm, as well as the strong coupling
constant [10]. Moreover, several of these results can be easily applied to atomic physics
opening the possibility of accurately determining lepton masses, the electromagnetic cou-
pling constant, as well as low energy hadronic constants.

Another interesting computation would be the determination of the O(a?/m?) and the
O(a/m*) potentials in the on-shell matching scheme, define a basis of potentials, and see
how the pPNRQCD Lagrangian in the on-shell and in the Coulomb gauge matching schemes
relate with each other via field redefinitions. This would allow us to see how the Wilson
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coefficients of the O(a?/m?) and O(a/m?) potentials transform.

Once the full N3LL heavy quarkonium spectrum will have been obtained, the next goal
will be to obtain N*LO and the N*LL heavy quarkonium spectrum, in other words, the
spectrum at O(mab) and at O(ma®+ma’lna + ...). For instance, the expectation value
of the a?/m? and the a/m* potentials contribute to these orders, so we have already got
some results towards this computation.

It also would be interesting to compute the LL running of the 1/m3 HQET Lagrangian
operators in the Feynman gauge in order to strengthen the confidence in the results we have
obtained, in particular, in order to check which Wilson coefficients are gauge dependent,
and which Wilson coefficients and combinations of them are gauge independent. This also
would help to understand why the relations 2cy; = ¢p — cp and d¥' = cl/16 are gauge
dependent. A rigorous prove that the truly gauge independent combination is 2cy,+16d% =
cp + c?l — cr is lacking and should be obtained.

During this thesis we wrote a software to assist the computation of the LL running of
the Wilson coefficients associated to the 1/m? HQET Lagrangian operators. It would be
interesting to improve that software in order to be able to compute the LL running of the
Wilson coefficients of the 1/m? operators of the HQET Lagrangian, which was recently
obtained in Ref. [53], since some of them are important to compute the N*LL heavy

quarkonium spectrum (see Eq. (4.41))).
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Appendix A

Conventions and Identities

A.1 Fourier Tranforms

In order to compute the Feynman rules associated to the different Lagrangian operators we
deal with in this thesis, it is useful to fix the convention we use for the Fourier transform
of N variables in Minkowski space

d4k d4k —ik1(z—2 —1 T—xN) £
f(:v;asl,---,xzv):/(%)14...(%;ﬁe Mle=e) - emthv@en) £k ky), (A1)

fky, ... ky) = /d4x1 dray et@mm) kN @mEN) £ ) (A.2)

For the d-dimensional potentials, the convention for the Fourier transform reads

d’k —ikry;
Ve = [ e ). (A.3)
(k) = / e (r) . (A4)

The following d-dimensional Fourier transform which can be found in Ref. [§] proves to be
very useful in the computation carried out in Sec.

B d'k e®r 2 ng=d2D(d/2 — n/2)
7= | G e = (4.5)

Sometimes we will use the notation k£ = |k| and r = |r|, indistinctly.

A.2 Quantum Mechanics Notation

Let us fix some Quantum Mechanics conventions and notation, as well as, to summarize
some useful identities. The four-momentum operator is given by
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P =ik (A.6)

The identity operator expressed in terms of position and momentum eigenstates in d-
dimensional space is given by

- [ el (A7)

1= /ddr|r><r|. (A3)

Other useful identities are

(r|p) = €™, (A.9)

(plr) = 7P, (A.10)

(r|r’y = 6@D(r —1), (A.11)
(plp') = (2m)"0 (p — p'). (A.12)

It is useful to give the Dirac delta operator expressed as a projector using the position
eigenstates

S ()= =0)(r' =0|. (A.13)

Finally, the following relation is used to change the spin basis in which the results are
presented

1 3
S1®S, = §S2 —heh, (A.14)

where S; is the spin operator of the heavy fermion, S, is the spin operator of the heavy
antifermion and S is the total spin operator of the heavy fermion-antifermion system.
A.3 Quantum Chromodynamics Notation

Let us fix some definitions and conventions in QCD. The covariant derivative is given by

D, =0, +igA;T". (A.15)
The field strenght tensor is defined by

GO = 0, AL — 9,A% — gf™e AL AL (A.16)

In terms of the four-potential A*® = (A% A%), the chromoelectric and chromomagnetic
fields are given by
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E' = BT = G0T* = —9yA"*T* — 9; A°*T + igA"* A"[T" T, (A.17)
B = BT" = _Ee”kG]k“T“ = Ihg; Ak — %E’J’“AJ PAREIT? T, (A.18)

or, likewise

Ei _ _aOAiaTa . ViAOaTa + igAibAOC[Tb, Tc] ’ (Alg)
B' = (V x A")'T" — Z(A" x AY[1", 1. (A.20)

In QED, the non-Abelian terms do no appear and the generators must be replaced by one
(T* — 1). After doing it, we obtain the electric and magnetic fields expressed in terms of
the four-potential components

E' = —0A" -~ V'A°, (A.21)
B'=(V x A)". (A.22)

A.4 Mass relations

The following identities are very useful for Sec. in order to write the potential RGE
in terms of gauge independent combinations of Wilson coefficients, as well as, to make
comparisons with Ref. [64]

11 m? (1 1 (1 1
=+ ===+ = — ), A23
e (o 5) = s (o ) 7% (g ) 429)
1 1 1 1 1
my <—3 + —3) = (—2 + _2> - ) (A'24)

where my is the mass of the heavy fermion, ms is the mass of the heavy antifermion and
m, = mims/(my + my) is the reduced mass of the heavy fermion-antifermion system.

A.5 Feynman parametrization and Feynman integrals

The following standard Feynman integrals in d-dimensional Euclidean space are very useful

[75]
dig 1 1 T(n-4d/2) (1 n—d/2
/ (2m)d (3, + A)n — (4m)¥2  T(n) (Z) ; (A.25)

/ dity 1 dD(n—d/2-1) (l)"d/“ (A.26)

2m) (2 + Ay (4m)a2 2 T(n) A
dity, 4 1 dd+2T(n—d2-2) (1)
/ (27r)d (6125- + A)" N (471')61/2 4 F(n) (K) , (AQ?)
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d'lp  ((})" 1 D(a+d/20(B—a—dj2) 1\
/ (27T)d (£2E + A)ﬂ (47T)d/2 F(B)F(d/2) ( > , (A.28)

- A

as well as, the introduction of Feynman parametrization [76]

1 1 1 1
— =/ d dey ... | dr,_
A A, A, /0 ‘”1/0 12 /0 Tn—1

(n— Dl 5™ . ans

At -t + Agtr - (1~ ) - Aprr (L~ 2) + Au(l—20))]"
(A.29)

X

The following particular cases appear quite often

I _T+p) [, 2 '(1—a)"
A?Ag - F((X)F(ﬁ) \/() da [AliC + A2<1 — g;;)]OH-B ! (A30)

L N Uy e N P O € o € ) L i
M%ﬂ‘TMWWNwﬁd”ldﬂhw+@mvm+Aﬁ—mww«“””
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Appendix B
HQET RG

B.1 HQET Feynman rules

Here we collect the Feynman rules in the Coulomb gauge, coming from the HQET La-

grangian Eqs. (12.19) 2.21)), which are necessary for the computation of the LL running
of the Wilson coefficients of the 1/m? HQET Lagrangian operators. They complement

those that can be found in Ref. [8], which we also include. We also take the occasion to
correct a misprint of Eq. (205) of that reference. The correct Feynman rule is displayed in

Eq. (B.21)). The conventions are shown in Figs.

Figure B.1: Conventions for the propagators of the HQET Lagrangian. The double line repre-
sents a heavy quark, the single line a massless quark, and the curly and dashed lines a transverse
and a longitudinal gluon, respectively.

B.1.1 Propagators and Coulomb vertex
Heavy quark propagator:

?

Sapdsr (B.1)
¢ — ck% + 64% +in,

Massless quark propagator:
i
s s (B.2)
g+
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Figure B.2: Conventions for the Feynman rules of the HQET Lagrangian. The double line
represents a heavy quark, the single line a massless quark, and the curly and dashed lines a
transverse and a longitudinal gluon, respectively. The subindex m goes from 1 to 11, n goes
from 1 to 4 and hg stands for all subindices of the heavy-gluon Wilson coefficients. Note that,
by four-momentum conservation, k = > " | ki =p —p'.

Longitudinal gluon propagator:

Z'(;ab

(B.3)

Transverse gluon propagator:
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Figure B.3: Conventions for the Feynman rules of £,. The curly and dashed lines represent a

transverse and a longitudinal gluon, respectively.

i5ab ( si q'q’ )
q? +ing q’

Va - —Z'g<Ta)a5(SEF

Coulomb vertex:

B.1.2 Gluon self-interaction
Viabc — gfabc(k2 o k3)z

Vij abc __ gfabc(sij(k,(l) o k’g)

Vijkabc _ gfabc[(sik(kl _ k3>j + 5 (kg _ kl)k + (5jk(k3 — kQ)l]

Vijkl abed __ _Z'QQ[fabefcde((Sik(sjl o 5il(5jk> + facefbde((sijékl o 5il5jk) 4 fadefcbe(éikéjl - 6z]§kl)]

Vijkl abed __ Z~925ij(facefbde o fadefcbe)
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B.1.3 Light quark-gluon interactions
V= —ig(7") an(T")ag

V' =ig(v)a(T")up

B.1.4 Heavy quark-gluon interactions

Proportional to ¢

: ig N
o _ H(T) 050
Ver = crg, (P4 D) (T)asdsr

> 2
ij ab g ij b
Ve = —ug 0" {1, T"}apdsr

Proportional to cp

Vie = w%(azr X %) (T")ag

Proportional to cp

Vep' = CDZL%ké [T, T*)asdsr

- 2
ija L9 ij a
Ve =cp 8m25](k’? — k)T, T" apsr

- 3
7 .
39 5T, 1, T+ (7% (1%, T

ij abc
VCJD _CD

o g ’ a
Vg = €5 2o (P" X P)(T")ap

ia g ‘ “
VCS — —CSW/{:O(O'ZT X (p + p/)) (T )O‘B

2

ia g i[a i a
Ves' = csgzllosr X (p+p) (T T"ap + (osr X ko) {1, T} o]
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(B.11)

(B.12)

(B.13)

(B.14)

(B.15)

(B.16)

(B.17)

(B.18)

(B.19)

(B.20)

(B.21)

(B.22)

(B.23)



2
V™ = cs gz ot (K — K{T*, T"}ap (B.24)

3

= —cs 2 ob T ({T [T, T} ap — {T°, [T, T} s) (B.25)

Vij abc
8m?

Proportional to ¢,

i a Zg % a
VC4 - _048 3 (p2 + pIQ)(p + p/) (T )aﬁéEI‘ <B26)

;2
Vi = 04—851 = (09(p? + PP){T, T Vg + 4" D (TT")ap + 4D D7 (T'T)as) dsr  (B.27)

. 3
Vé’jkabc _ _04% [51‘3' ((TC{TCL7 Tb})aﬂp/k X ({Ta7Tb}Tc)aBpk)
+5ﬂf ((T’(I{Tb7 TC})aﬁp/i + ({Tb, Tc}Ta)aBpi) (B28)
+6% (T{T*, TV )asp” + ({T*, T}T")app’ )] Osr (B.29)
Proportional to ¢,
2 2 "\t a
Vit = —ca k3 (p + P (T)apdsr (B.30)

&m

. 2
Vifta = gy (09T T as( + k) = 891, T']as((p + ') - (i — ko))

8m
+A[T*, T" 45(p'k] — K5p?)) Osr (B.31)
Vs = o ([ (1 T (04 (8 + ) — 870+ )
HWH”WMQW +p) —07(p' +p)")
T, 1%, T s (67(0' + B)' — 0™ (0 + p)?)
{1 [T, T]
|

}a6<25lkk§, — 20"k + 6" (ko — k)")
T (1%, T Yo (267K, — 2691 + 6™ (ks — ks ))
HWﬂ%WmA&%&JWM+W®—bWNH (B.32)
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Proportional to cg,

;2
7] @ tg 37 i1.d o
Vel = carg —5(0 I(kVky — ki - ko) + Kbk {T®, T} udsr (B.33)

1 3 . .. . .
vikate = ey, (6 — ST T, T s + (6715 — 9 ([T, T, T

B +(6% K] — 6TFR) ([T, T"), T} o] Osr (B.34)
V;‘gf = —cA18 kok;{Ta T} 005t (B.35)

V;‘{;?bc =— 8 6”(k0{T“ [T°, T} g + E{T®, [T, T} op)dsr (B.36)

v _cA18 k1 ko{T*, T%} 03051 (B.37)

Vi =ca 8m (ké{T " T T ap + K5 {T%, [T, T* Y ap)Osr (B.38)

Proportional to cy,

g2
Véfqzb 216 509K k{1, T }apsr (B.39)
b 2 0
VéZQ = —Ca 16 3k kZQ{Ta T }Ocﬁ(SZF (B40)
Vi = —ng, 35’”(’f°{T“ [T, T} ap + ko {T", [T, T }ap])dsr (B.41)
92
ng = A2 16 kl kQ{Ta T }aﬁ(SEF (B42)
Vil = canpe 3(k;{Tb (1%, T }as + KT, [T%, T Yag)dsr (B.43)
Proportional to c4,
T o
Vz] ab _ A34g . ]\f <5zj(k0k0 kl . k2) + k%k]l)aab(saﬂézl“ (B44)

3
ijk abe g TF abe [ cik j ik 7 i k
VCJAS = CAq —4m3 Fcf [(5 (kl — kg)] + o7 (k3 — kg) + ) ](kz — kl) :| 5a552p (B45)

130



19 Tk

Ve, = =Ca gy Fika0" dapdr (B.46)
Vit — %49_ L5 f (k) — k$)Gagdsr (B.47)
a Zg TF a
Ve, = CAaﬂﬁkl k26" 0005r (B.48)
b 93 b ;
Véjgc = —CA54 5N, fa “(ks — k2)"dapdsr (B.49)
Proportional to cy4,
ij a Zg TF i a
VI" = ca AT N — 6 VK905 505 (B.50)
ia Zg TF i ca
VCA: T Mg ~ k50" dap O (B.51)
3
y T
Va = caig g 07 £ — K)Basdue (B.52)
a Zg TF
ch4 = 05428 g —ki - koo” 5aﬂ52F (B.53)
3
7 abc g T abe
VCAE - (Aig 3 ]\ff "(ks — ka)'dapdrr (B.54)
Proportional to cy,
ia 9 i/a
Vew, = _Cwlw(PQ + %) (osr X k) (T")ag (B.55)
Vel = —emg sl (p* + %) — (oor x ki)' + Ky(orsr x ko)) [T, T
—((osr x ki)' (p+ D) + (p+ ) (osr x ko)) {T T"} o] (B.56)

3
ijk abc g m mj a c A a c A
VA = gt (A I T st ) I T st 4K )

_i_emki({Tb’ [T¢, T} ap(p + D) — [T°, [T, T ap (ki + kB)j)
4mid ({TC, [Ta, Tb]}aﬁ(p + p/)k; _ [TC7 [Ta’ Tb]]aﬁ(kl + k2)k)
—Emriéjk{TQ, {Tb7 TC}}aﬂkq - Gmrj(;ik{Tb, {Tc7 Ta}}aﬂkg

—emrhgiaLre {1, Tb}}aﬁkg) (B.57)
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Proportional to cyy,

ia 9 i/a
Vew, = eway 5P P')(osr x k)" (T%)ag (B.58)
92 o o .
VI = e gl x KaPKS — (0w x k)R] — 20k (p BT 1)
+<<UEF X k1>z(p + p/)j + (p + p/)i<0'21" X kg)j){Ta, Tb}ag] <B59)
3
Vgﬂiabc = —cw, 4?713 O-ZEF( _ EZU([T&, Tb]TC)a,Bkk . elkz([j"vc7 Ta]Tb>aﬁkj

(T TNk 4 (T, [T T g + T, [T, T} o
—I—Eljk{Ta, [Tb, TCHaﬁpi . elrj(gki(TaTch + TCTbTa)a,Bkg

_Elrk5ij(TaTCTb + TchTa)aﬁkg - 6[ri5jk<TbTaTc + TCTaTb)a5k§> (BGO)

Proportional to ¢y,

ia g i o
Ve, = ogz0sr - (P +P) (P X P)(T%)ag (B.61)
2
1] @ g i g i .
VCZ/pb = COpp 16m3 { [((p +p') x k) otr +o5r((p + p') x ky)’

+e7 (kg — o) (asr - (p+ P))]{T T Yap + (ki X ko)'ody + o5 (ki X ko)?

(K () + 2(osr PP + (e - PP [T Tb]aﬁ} (B.62)
3
VI = ey (ot s (T T

+( l]k i p +€ij(0'21“ p/))([Tb;TC]TQ)aB

+ el’kazpp THasr - p)) (TP TV)ap
+ Ellko'jzrp (UZF /))<[TG>TC]TI))@5

(
(
(€7 otp' +6” (osr - P)(T[T T"))as
(“Jaz p" + 7 (osr - p) ([T T')T%)us
—(
(
—(€

=

€l]k z lwa_zr)kl2 (TaTch + TCTbTa)aB
kel + IRt VRS (TPTT + TTT") o

+

ligh . + e*al K (TT T + TPTT°) (B.63)
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Proportional to cp,

2
Vggl = —Cp, 89 Oyr * (kl X kQ)[Ta,Tb]aﬁ

2
Ve, = —CBlﬁk?(Uzr x ko) [T, T")ag

b
Vz] ¢ = CBR
B1 116m3

ol (ki x k)t — 2a§rekijk$k3> [T T ap

3 .
Vep,* = —081#((%3 X ko) [T°, [T, T + (asr x ka) [T, [T, T"]]ap)

3

V@'jabc = cp, 89 3UEF Im](kO[Ta [Tb Tc]]aﬂ o kO[Tb [Ta Tcﬂaﬁ)

3 ..
VI = o, L (e — ol (1 (.7
- (eijkagp -ky — eilkaérkl) [Tb, [T“, Tc]]aﬁ
+ ( Z]kO'ZF k — ElZJO'EFkl) [ y , aﬁ}

Proportional to cp,
e
Vit = —cogsose - (ki x ka)[1%, T']ap

CBQ

2

ia g i[fa b
Viab — _cp 9—20'"’ TRYRS T, T o
By 28m3 T 12 )

3 .
Vo' = _CB?.%((UZF x ko)'[1°, [T, T ag + (asr x k) [T, [T, T")]ap)

3
17 abc g 7, a c a c
Ve =Chg 3 o5 (R[T?, [T, Tap — ko [T", [T, T ap)
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(Eijk((fzr . kl)kg + Eijk((fzp . kg)k]lC + U%F(kl X kg)j

(B.64)

(B.65)

(B.66)

(B.67)

(B.68)

(B.69)

(B.70)

(B.71)

(B.72)

(B.73)

(B.74)



B.1.5 Heavy quark-light quark interactions

Proportional to ¢}

(4
V= e on(T)as (T (1)

2
g a a 7
V= —031_8 UZF(T )aﬁ(T )67(7 V5)BA

Z
V_CQZS 52F5a655'y( %) pa

9
V= _Czl8 O'EF5 5557(7 75)

Proportional to d%
V= (T ()5, (1 )malp + B
IR af sy\7 )BA\P T P ) Osr
Vib o dhl@ Ta Tb Ta 7 5
= mg{ , T} ap( )57(’7 )BAdsT
Proportional to d¥!
V= i (1)1 () (K — K3
- 2 m3 afs &y Y )BA\R{ 2)03T
Vb _ _dhl@ Ta T Tb 0 5
= 2 mg( )aﬁ{ ) }67(7 )BA =T

Proportional to d%
—dhl ig” 204,30, pa(k? — k)6
V= af 67( ) A( 1 2) r

2
Vo= —d“—g 25(T")55(1°) Badssr

Proportional to d"!

7
V= = (05T (T)ss s (b -+ D)

i g Ta a i
Vit — dhl =(7"75)Ba(T*)5: {T*, T*}agosr
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(B.75)

(B.76)

(B.77)

(B.78)

(B.79)

(B.80)

(B.81)

(B.82)

(B.83)

(B.84)

(B.85)

(B.86)



Proportional to d%
s 5 /
V= —d; 3 (’Y V5)BA0agds,Osr - (P+P)

2ig>

Vit = dhl (7 V5) Ba0sy (T")apor

Proportional to d%

V= dhl ig” =(7°75)BA(T")ap(T")syosr - (K — ko)

3
ig .
Vit dhl =(7°795) A {1, T"} 5 (T*)aposr

Proportional to d%

Y = dhl (’Y V5)BA0asdsy0sr - (K1 — ko)

7 .
pib dhl (7 75)BA(Tb>675aBGZEF

Proportional to d%

V= dhl (7 Y5)BA(T")ap(T)syosp (k] — k3)

V= dhl (’7 WB)BA{T T}M( )ch’o'izr

Proportional to di!

2
19 i i
V= d?%(v ’75>BA50¢,6’5670'2FU{? — k’g)

Vb= dhl (7 V5)BA(T")5100p0 %

Proportional to d}

V= d“gCWMMT)<¢bMamka

pit <Wg(hmTTh@%wﬂk
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(B.87)

(B.88)

(B.89)

(B.90)

(B.91)

(B.92)

(B.93)

(B.94)

(B.95)

(B.96)

(B.97)

(B.98)



Proportional to d"!

2
V= dﬁ%daﬁ(s&y(’yl)BA(UEF x k)’ (B.99)

B.2 Resummed Wilson coefficients of the 1/m and
1/m?* operators with LL accuracy

In order to solve the RGEs of Sec. [2.5] we need the resummed expressions of the Wilson
coefficients associated to the 1/m and 1/m? operators of the HQET Lagrangian with LL
accuracy. They can be found in Refs. [8, 28 B32], but summarize them in the following for
practical reasons

cr(v) = 2794, (B.100)
20  32C
M(v) = 2729 4 (1—3 + 13Cj> (1 — z713Ca/6) (B.101)
1 _ _3,+.3Ca
Cgl(l/) = (8CF — BCA) (m (Z 2Ca _ z Bo+ 2A) (Bl()?)
2 —Ca _ —Bo+754 3 —Bo+354
= A 0 5 R e 0 5
260 — 5Cx (Z : ) 28 — 3C4 ( : ’
M N
ey (v) =0, (B.103)

— _i ; —-2Ca _ ,—Po _; —Ca _ ,—Po _i _ ~—Bo
ch(V)—<1 Nf)(250—4CA<z2 z277) ﬂo—CA(Z Z2770) 2%(1 z ))

(B.104)
The other Wilson coefficients we need are known from reparametrization invariance [28]
relations. They read ¢, = ¢4 = 1, ¢cs = 2cp — 1, cw, —cw, = 1, ¢pp = cp — 1 and

d — — /16,

B.3 About the problem with reparametrization in-
variance

Reparametrization invariance [28] obtains relations between Wilson coefficients by impos-
ing Lorentz invariance as a symmetry of the HQET Lagrangian. Since this is done without
assuming any particular gauge, the obtained relations should be, in principle, gauge inde-
pendent. However, in Sec. we found that the relations imposed by reparametrization
invariance 2cy; = cp — cp and dif = ?/16 are violated at LL when the computation is
done in the Coulomb gauge, proving that these two relations indeed depend on the gauge.
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In order to solve this problem, a new gauge invariant relation was proposed in Sec.
by adding the two relations which are not satisfied in the Coulomb gauge but that
are supposed to be in some particular gauge (we will see later on that in the Feynman gauge
they are satisfied). The motivation to add these two equations is to make it to appear cht,
which is well-known to be gauge independent. The new relation 2cy; +16d% = cp+c —cp,
or likewise, 2d" = ¢ — cp implies that d? must be also gauge independent. It can be
shown that the proposed relation is satisfied in both, the Coulomb gauge, and the gauge
where the two ”problematic” relations are satisfied.

In this section we want to show that, assuming that d?' (obtained in a Coulomb gauge
computation) is gauge independent, and that in the Feynman gauge 2ci¢ = cb¥ — cp
is satisﬁedﬂ, we can obtain d?F¢ and see that it satisfies reparametrization invariance,
MG = ChiFG /16,

Firstly, let us summarize the RGEs of the unphysical quantities cp, c?
the Coulomb gauge. They read

L ey and dP in

d 11 11 8 8 1
y—c%G = |: G thGC + — G CGCA - —CFCA CkCA - C%CF - §C?ZCG50:| %7 (B105)

d 3 3 3
V— C]lll CG — [ hl CGC — —CCGCA + —C%CA + CkCA +

1 hi CG
Ll e 1 s 5]7T (B.106)

2

1 16

a
120FckC’A+ 5

d 7 1 1 1
VEC?/IG = [66%G0A+§C4CA—5050F0A—602(80}?4-110,4) dthGTan ;,

(B.107)

d nmoa |1 hlCG l ca 1 1 ) 2 o
V@dl = Z(2ﬁ0—3CA)d1 —OA 960M —@ CsCp — — 16 64CkCF 71" (B108)

From these equations it can be seen that 2c§° # ¢$% — cp and dMCG £ chlCG /16, We can
also obtain the RGEs of the physical quantities ¢} and d}, which read

d =hl

13 20 32 1
V@Cl = {ECAC?Z — EC’Aci — —Cpci — —CAC%:| a

=, (B.109)

d 1 4
I/—d?l = [ 36?110,44- C4CA — 1CSCFCA (CF+CA)

12 24 3

1 o'
- c%ckCA} — (B.110)

We also need the RGEs of ¢p and ¢! in the Feynman gauge. They were computed in Ref.
[32], and read

LAt the level of the SL, it has been proven in Refs. [28, [33] [34].
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d 1 1 8 2 o
I/ECEG = {gCAcEG — (ECA + §C’F> - CACF + STfnfcthG] — (B.111)

d 3 3 3 3 «
V@C}IZIFG [ZCAC%G - écACi + ZCAC%-* - (ZCA — ﬁo) thG:| ; . (B112)
What it remains to be computed are the RGEs of ¢y and d? in the Feynman gauge.
Firstly, we compute ci¢ assummg that the relation 2c5¢ = C'BG — cp is satisfied. Thus,
from the new relation 2dhl = 2c8¢ + 8dMFG = ¢hl — ¢ proposed in Sec. [2.5.3] we can

compute d?¥¢. The RGEs of these two Wilson coefficients in the Feynman gauge read

d 5 . X .
y@cﬁf { C’Ac 2(0,4 + 160F)Ci — ECAC% —cpCy + 3TfnfChZFG 2
(B.113)
d 13 13 5
L _ |22 g o3 C \ .
de 1 9% A+ 1604 AT 1920F A — 2 ACS + 64CFCk N
1 1 K FG
—Cacn’ — gy Ty | (B.114)

If we compare the running of d?! with the running of ¢ in the Feynman gauge (obviously
assuming 2¢5¢ = &% — cp and dMFC = AFCG /16) we find that

ydi(md’;lm — MFGYy =0, (B.115)
so everything is consistent, the relations 2c,; = ¢p —cp and dl = cll /16 are satisfied in the
Feynman gauge, but not in the Coulomb gauge. The correct gauge-independent relation is
12(1?1 +2¢py = cp + M — cp, since it involves truly gauge independent quantities, d? and
eyt

Possibly, the source of the problem is that we have to include heavy-light operators when
imposing reparametrization invariance in order to arrive to gauge-independent quantities.
Otherwise, part of the Lagrangian is missing, and gauge dependencies arise. In particular,
imposing Lorentz invariance only in the heavy-gluon sector does not guarantee that the
obtained relations between Wilson coefficients are gauge-independent. Contrarily, it seems
that the imposition of Lorentz invariance in the heavy-gluon and the heavy-light sectors
separately, fixes somehow a particular gauge or class of gauges for which the relations
2cy = cp — cp and d = chl/16 are satisfied. A rigorous proof of this statement is beyond
the scope of this work, and it is left for future investigation.
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B.4 HQET Master Integrals

In this section we display the integrals needed for the calculation of the LL running of
the HQET Wilson coefficients. We always integrate first over the energy. The following
integrals appear

I(n,m) —/d_qo 1 i d" ( 1 >
) 2w (@02 = a? +ing) (¢ —ing)™ T(n) dg® \(¢°)™(¢° + A"/ g
(B.116)
W1

== B.117
27 ¢ —in 27 ( )

1(0,1) =

where n,m € N. Later, we integrate over the d-momentum (d = 3 + 2¢). The following
logarithmically divergent integrals appear

dlq 1 11
I= —pPe B.11
/ enilgP i (B.118)

d’q q'q’ 1 1, 5
"= / e laF P (B.119)
ijkl d'q q'd’q"q’ 1 1 4l ij skl il siky . 2e
e e i e G AR (B.120)
ik d'q d'd’q"d'q"q" L1 i chiomn | shmsin | shnsim
I :/(%)d o o (U@ gt gt

+6zk(5jl5mn + 5jm5ln + 5jn51m) + 5zl(5jk5mn + 6Jm5kn + 5]n5km)
_|_5zm(6jk51n + 5jl(5kn + 5jn6kl> + 5in(5jk5lm + (sjldkm _'_5jm5kl)) V267(B.121>

[raktmers = / g;?d qlq]qk?;(?zqnqrqs - 3781%2 1 (5"8(&'7“(5“5’"1 + oFmom 4 i)
7 (G 4 T 4 M) 4 67 (67 5 4 67 ST 4 ™) 4 67 (86T - 5RO 4 6
HOTE(S" O 4 GG 4 §ITE)) A 6 (87580 A 6F TSI 4 GMET) 4
O (8F56™ 4 GF G 4 GHGTS) 4 6T (51 4 6761 4 6M T 4 T (8R4 5FOT 4+ 56T
R (R R R e ) R R (e e e R A R R e RS R R W)
+5jm(5k;s51r +6kr515 + 6kl5rs) + 6jl(5k56mr + gkr gms +5km5rs) +6jk(5155mr +6lr5ms + 6lm5rs))
+5im<5js(5kr5ln + Shn gir + 5kl5nr> + 5jr(6k55ln + Shn gts + 5kl5ns) + 5jn(5k55lr + Sk sts +5kl5rs)
A G e S B i (O R o M R O D B A C K G R S B S )
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O (GRS - GG R ) - G (GG 4 GRS - R TE) - §9 (555 4 56 - 64757
O (TG 1S ) )0 (577 (85 G -G ) 07 (8151 6 461 5
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+ 6km(5lsa‘nr + 517“5718 + 5ln5rs) + 5kl(5m55nr + §mr gns + 5mn57"5))> I/QE, (B122)
B dd LT AR L T T T Sy b U 1 1 o o
[z]klmnrstu _ / (27T(>1d qaq9q4q Cqu|(113q qQqq N RETES Z (5mn51r6k55ju5zv+5ln6mr6k55]u5zv

L glmgnr gks giugiv 4 gmn gk sls giugiv | skngmr gls sjugiv | skmgnr sls giugiv | singhr gms gju giv
| ghnglr gms siugiv 4 sklgnr gms giugiv | gim gk gns sjugiv | skmglr sns giugiv | skl gmr gns gju giv
L glmgkngrs siugiv 4 skmgingrs gjugiv | skl gmngrs sjugiv | smn gl gis shugiv | singmr gjs sku giv
| gimgnr sisghugiv 4 gmngir gls skugiv | gingmr sls skugiv | sim gnr gls shugiv | singir sms sku giv
L ginglrgms ghugiv y sil gnr gms skugiv | simgir sns skugiv | sjm slr gns shugiv | sil gmr gns sku giv
L gimgingrsghugiv 4 sim gingrs skugiv | gil smn grs skugiv | smn gkr 5is slugiv | skn smr gis sl giv
L ghmgnr gis glugiv 4 smn gir ghs slugiv | gingmr sks shugiv | sim gnr sks slugiv | skn gir gms ghu giv
L ginghr gms glugiv ik gnr gms slugiv | skm gir gns slugiv | sjm skr gns slugiv | sik smr gns ghu giv
L gkmgingrsglugiv 4 sim gkn grs slugiv | gik gmngrs shugiv | sln skr gis smugiv | skn glr gjs smu giv
L gkl gnT sisgmugiv y singir gks gmugiv | gin gl sks smugiv | sil gor gks gmugiv | skn gir ks smu giv
L ginghr glsgmugiv y sikgnr gls gmugiv | skl gir sns smugiv | il skr gns gmugiv | sik slr gns smu giv
L gl gingrsgmugiv 4 sil gkngrs gmugiv | gik singrs smugiv | slm skr sis gnugiv | skm gl gjs s giv
L ghlgmr s gnugiv 4 slm sir shs gnugiv | gim glr sks snugiv | 5l smr gs gnugiv | skm gir sls s giv
L gimghr gls gnugiv y sikgmr gls gnugiv | skl gir sms snugiv | il skr gms gnugiv | sik sir gms gnu giv
L gl gimgrs gnugiv y sil gkm grs gnugiv | sik gim grs snugiv | slm skn gis srugiv | skm gin gis gru giv
gkl gmn gisgrugiv  shm gin ghs grugiv | sim singks srugiv | il gmn ks grugiv 4 skmgin gls sru siv
L gimgknglsgrugiv  sikgmngls grugiv | sklgingms srugiv | gil skngms grugiv 4 ik gn gms gru giv
L gl gimgns grugiv - §ilgkm gns grugiv | gik gimgns grugiv | slm gkn gir gsugiv - skm gin gir gsu giv
L gRlgmngirgsugiv . glm singhr gsugiv | gimgin ghr gsugiv o §il gmn gkr gsugiv y skm gin gir gsu giv
Lgimgknglr gsugiv - sikgmngir gsugiv | gkl gingmr ssugiv o il gkn smr gsugiv | sik gingmr gsu giv
L gl gimgnr gsugiv . §ilgkm gnr gsugiv | gik gimgnr gsugiv o smn gl gks giugio y gingmr gks giu gio
L glm g gks giugiv . gmn gkr gls giugiv | gkngmr gls siugiv o skmgnr sls giugiv - ginghr gms giu gio
L ghnglr gms giugiv . gklgnr gms giugiv | gim gk gns siugiv o skmglr gns giugio - skl gmr gns giu gjo
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+5lm6kn5rs(5iu6jv + 5km5ln6r5§iu6jv + 6kl5mn§rs5iu5jv 4 §mn5lr5i35ku5jv 4 5ln5m7“5is(5ku5jv
+5lm5nr6i36ku5jv + 5mn5ir§l35ku§jv + 5in5mr6155ku5jv 4 §im5nr5l55ku5jv 4 5ln5ir5m35ku5jv
+5in5lr6ms(5ku5jv + 5il6nr5m35ku6jv + 6lm6ir5n55ku6jv + 6im5lr5n55ku5jv + 6il5mr5n35ku5jv
+5lm5in5r56ku5jv + 5im5ln6r55ku6jfu + 5il5mn5r55ku5jv + 6mn6kr6i55lu5jv + 5kn6mr5i55lu5jv
+5km5nr5i55lu5jv + 5mn5ir6k55lu5jv + 5in5mr5k85lu5jv + 5im5nr5ks5lu5jv + 5kn6i7’5m35lu5]’v
+5in5kré‘m56lu6jv + 5ik5nré‘m55lu5]’v + 6km6ir5n5é‘lué‘jv 4 5im5kr(5nsdlu5jv 4 6ik’5mr6ns(5lu6jv
_i_ékméinérsalu(sjv + 5im6kn5rs§lu6jv + 6ik6mn5rs(5lu5jv T 6ln5kr5i55mu6jv 4 5kn6lr5i35mu5jv
+5k15nr5is(5mu6jv + 5ln5iT5ks(5mu5jv + 6in5lr5k35mu5jv 4 5il5nr5k55mu5jv 4 5kn6ir5l35mu5jv
+5in5kr5l35mu5jv + 5ik5nr6156mu5jv + 5kl5i75ns5mu6jv + 5il(5kr5n55mu5jv + 6ik5lr6n35mu5jv
+5kl5in5rs(§mu5jv + 5il5kn5r55mu6jv + 5ik6ln5rs5mu5jv + 6lm5kr5i55nu5jv + 5km51r5i55nu5jv
+5k15mr5i85nu5jv + 5lm5ir5k55nué‘jv + 5imé‘lr(5k35nué‘jv + 5i15mr5k55nu5jv + 5km5ir5l55nu5jv
+5im6kr5l35nu5jv + 5ik6mr(slsdnu5]’v + 5kl5ir(5m35nu§jv 4 5il5kr(5ms(5nu5jv 4 5ik5lr5ms(5nu5jv
+6k15im6r35nu6jv + 5il5km5rs(5nu5jv + 6ik§lm5r35nu5jv T 5lm5kn5i35ru6jv 4 5km51n5i55ru5jv
+5kl5mn5i35ru6jv + 5lm5in5k35ru6jv + 6im(sln6ks(5ru6jv 4 5il5mn5ks(5ru5jv + 6km6in6l55ru5jv
_I_(Simékn(;lsaru(sjv + 5ik5mn5l56ru5jv + 5kl5in6m35ru6jv + 5i15kn5m55ru5jv + 6ik51n5m55ru5jv
+5kl5im5n557‘u5jv + 5il5km5n55ru5jv + 5ik5lm5n86ru5jv + 5lm5kn5irésu5jv + 5km51n5ir53u5jv
_|_5kl(5mn5ir58u5jv + 5lm5in6kzr(55u6]’v + 5imé‘ln5kr(ssu5jv + 6il5mn5kr55u5jv + 5km5in5lr5£u5]’v
+5im6kn5lré‘su5jv + 5ik5mn5lr55u5]’v + 5kl5in5mr55u5jv 4 5il5kn5mr55u5jv 4 5ik5ln5mr(ssu5jv
+5k15im6nr63u6jv + 5il5km5nr(55u§jv + 6ik6lm5nrésu5jv i §mn5lr5js(5iu5kv 4 5ln5mr5j85iu5kv
+5lm5nr5j35iu5kv + 5mn5jr6l56iu6kv + 6jn5mr6ls(5iu5kv 4 6jm6nr5ls(5m5kv + 6ln5j7“5m55iu5kv
+5jn51r6m35iu6kv 4 5jl5nr5m35iu5kv + 5lm6jr5n55iu5kv + 5jm51r5n55iu5kv + 6jlé‘mr5n55iu5kv
_‘_5lm5jn57"85iu5k’v + 5jm5ln57"56iu6kv + 5jl5mn6r35iu5kv + 5mn6l7"5i55ju5kv + 5ln5mr5i55ju5kv
+5lm5nr5i55ju5kv + 5mn5ir5l85ju5kv + 6in5mr5155ju5kv + 6im5nr(5ls§ju5kv =+ 5ln5ir6m56]’u5kv
+5in5lr5m35]’u6kv + 5il5nr5m35ju5kv + 5lm(sir5n55ju5kv 4 6im5lr5n35ju5kv 4 5il(smr(5nsaju5kv
_i_(slméinérs(sjuékv + 5im61n6r35ju6kv + 5il5mn5rs(5ju5kv 4 §mn5jr5is(5lu5kv 4 5jn§mr5is(5lu5kv
_i_(;jm(;nr(;is(sluékv + 5mn5ir5j36lu5kv + 6in5mr6js(5lu5kv + 6im5nr5j35lu5kv + 6jn5ir5m55lu5kv
+5in5jr5m55lu5kv + 51‘]‘ 5nr5m36lu5kfu + 5jm5ir5n56lu5kv + 5im5jr5n55lu5kv + 5ij5mr5n55lu5kv
+5jm5in5r55lu5kv + 5im5jn5T56lu5kv + 5@']’ 5mn67’s5lu5kv + 5ln6j7’5i55mu5kv + 5jn6lr5i55mu5kv
+5jl5nré‘i55mu5kv + 6ln6ir5j35mu5kv + 6in5lr5js(5mu5kv 4 én'l(snr(sjs(smu(skv 4 5jn5i7“5l56mu5kv
+5in5jr6ls(5mu§kv + 5ij 5nr5l55mu5kv + 5jl5'ir5n55mu5kv 4 6il5jr§n35mu5kv 4 5ij6lr5ns(5mu5kv
+5j15in5rs(smu6kv + 5il5jn6rs(5mu6kv + 5ij(sln5rs(5mu5kv 4 §lm5jr5i35nu5kv 4 5jm5lr5is(5nu5kv
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L gilgmr gisgnughv y slm sir 5is snugke | gim gl gis snughv | gil gmr gis snugko | sim gir sls gnu gho
L gimgir gl grugkv y sid gmr gls gnugke | gil sir gms gnugkv | sil gir sms snu gko - 5id glr gms gnu gho
L gilgimgrs gnughv | gil gimgrs gnughy | sid glm grs snughv | slm gin gis srugko 4 sim gin sis gru gho
L gilgmngisgrughv  slm singis srugko | gimgin gis grughv o gil gmngis srusko | sim gin gls gru gho
L gimginglsgrughv  sid gmngls srugke | gil singms grughv | sil gingms grusko y 5ij gin gms gru gho
L gilgimgnsgrughv  silgimgns srugke | 5ij slm sns grughv | slm gingir gsusko | sim gin gir gsu gho
L gilgmngirgsughv | slm singir ssugke | gimgin gir ssughv | gil gmn gir gsusko | sim gin sl gsu gko
| gimginglrgsughv y sid gmngir ssugko | gil gingmr ssughv | sil gingmr gsuskv | sij gin gmr gsu gho
L gilgimgnr gsughv  silgimgnr ssugko | 5ij glm gnr gsughv o smn ghr §is giuglo - skn smr gis giu glo
L ghmgnr gis giugly . gmn gir ghs giuglo | gingmr sks giuglo | sim gnr gks siuglo | skn sir gms giu gho
L ginghr gms giugly ik gnr gms giuglo | skm gir gns giuglo | sim gkr gns givglo | sik smr gns giu gho
L gkmgingrsgiugly 4 sim gkn grs giugle | gik gmngrs giugly | smn ghr sis gjuglo | skn gmr gis sju gl
| ghm gnr gis giugly 4 gmn gir gks giugle | gin gmr sks sjugly | gim snr shs gjuglo | skn sir sms sju gl
| ginghr gms giugly ik gnr gms giugle | skm gir gns sjugly | gim skr sns gjuglo | sik gmr gns s gho
L ghmgingrs giugly . simgkn srs giuglo | gik gmngrs sjuglo | smn gir gis skuglo - gingmr gis gku glo
L gimgnr gisghuglv . smn gir 5is skuglo | gin gmr sis skuglv | gim snr 5js skuglo | sin gir gms ghu gl
L gingirgmsghugly y sid gnr gms skuglo | gim gir sns skuglo | gim sir gns skuglo y 5ij gmr gns ghu gho
L gimgingrsghugly 4 simgingrs skugle | 5ij smn grs skuglo | skn gir gis smuglo | sin ghr gis gmu gl
| gikgnr gisgmugly | skn gir 5is smugle | gin skr sis gmugly | sik gnr gis smugle | sin gir ks gmu gl
L gingirghsgmugle y sid gnr sks smugle | sik gir sns gmugly | sik sir gns gmugle | 5ij skr gns gmau gl
L gikgingrsgmugly  sik singrs smugl | 5ij skngrs gmuglo | skmgir sis gnuglo - sim gkr gis g gho
L gikgmr gisgnugly . skmgir gis gnugle | gim ghr gis snuglv | sik gmr gis gnuglo | sim gir sks g glo
| gimgir gks gnugly  sid gmr ghs gnugle | gik gir sms snugly | sik gir gms gnuglo | 5id ghr gms gnu gho
| gikgimgrsgnugly | sik gim grs gnugle | gij skmgrs snugly | skmgin gis gruglo | sim gkn gis gru sk
| gikgmngisgrugly | skmgin gisgrugle | gimgkngis srugly | ik gmn gis gruglo | sim gin sks gru sl
L gimginghsgrugle | gid gmn ks grugle | sik gingms sruglv | gik gingms grugto 4 sid ghn gms gru sto
L gikgimgns grugly ik gim gns grugle | gij skmgns gruglo | skmgin gir gsuglo  sim gkn sir gsu gho
L gikgmngir gsuglo . skmgin gir gsuglo | gimgkngir gsuglv | sik gmn gir gsuglo | sim gin gkr gsu gl
L gimgingkr gsugly y 5id gmnghr gsugl | gik gingmr gsugly | sik gingmr gsuglo | 5ij gkn gmr gsu gl
| gikgimgnr gsugly | sik gimgnr gsugl | gij skmgnr gsugly | sln skr gis giugmo - skn glr 5js givgmo
L gl gnT gis giugmy y singir gks giugmo | gin gl sks sivgmy | sil gor gk giugmo - skn gir sls sivgmo
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L ginghr lsgiugmy ik gnr gls giugme | skl girsns sivgmy | il skr gns giugmo - sik sr gns givgmo
L gl gingrsgiugmy y sil gkngrs giugmoe | gik singrs sivgmy | sln skr gis sjugmo - skn gir gis giu gmo
gkl gnr gis giugmy  gin sir shs giugmo | singir sks sjugmv | gil snr ghs gjugmo - skn gir gls g gmo
L ginghr glsgiugmy  sikgnr gis siugmo | gkl gir sns giugmo o gil gkr gns sjugmo ik gir gns giugmo
L gl gingrsgingmy  silgkngrs siugmo | gik gin grs giugmy | sln gir gis gkugmo. - sin gir sis ghu gmo
L gilgnr gis ghugmy y singir sis skusmo | gin ir 5js skugmv | gil gnr 5is gkugmo | sin gir gls gku gmo
L gingir gls gkugmv y sid gnr gls shusmo | gil sir gns skugmy | sil 5ir gns gku gmo. - 5ij gl gns ghu gmo
L gilgingrs ghugmy y sil gingrs shusmo | 5ij singrs skugmv | skn gir sis glugmo | sin ghr gis glu gmo
L gikgnr gisglugmo  skngir 5is glugmo | gin gkr gis glugmv | sik gnr gis glugmo - gin gir ks glugmo
L gingirghsglugmy  sid gnr gks glugmo | gik gir ns glugmo | sik gir gns glugmo. - sid ghr gns glugmo
L gikgingrsglugmy  sikgingrs shusme | 5ij skn grs slugmy | skl gir gis gnugmo - sil gk gis gnugmo
L gikglr gisgrugmo skl gir gis snugmo | gil skr sis gpugmo | sik gle gis gnugmo. - sil gir ghs gnu gmo
L gilgir ghs grugmy y sid gir sks snugmo | gik gir sls grugmo | sik i gls snugmo. - 5ij gk gls gnu gmo
L gikgilgrsgrugmy  sik il grs snusmo | 5id skl grs grugmy | sklgin sis grugmo sl skn gis sru gmo
L gikgingis grugmo skl gingis grusmo | gil skn gis grugmo o sik gingis grugmo gl gin gks srugmo
L gilginghs grugmv  sid gin gks srugmo | gik gingls grugmv o sik gingls grugmo - 5id ghn gls srugmo
L gikgilgns grugmy  sikgil gns grusmo | 5ij skl gns grugmo | skl gin sir gsugmo |y sil gkn gir gsugmo
L gikgingir gsugmo skl gingir ssusmo | gil skn gir gsugmv | sik gingir ssugmo |y sil gin gkr gsu gmo
L gilginghr gsugmv  sid gin gkr ssusmo | gik gin glr gsugmy | sik ginglr ssugmo | sij gkn gl gsu gmo
L gikgilgnr gsugmo y sik il gnr ssusmo | 5ij skl gnr gsugmo | slm skr sis giugne | skm gl s giu g
gl gmr §is giugny - slm sir ghs giugno | gimglr sks siugno o sil gmr ks givgno - skm gir gls gi gno
L gimghr gls giugnv ik gmr gls giugno | gkl gir sms siugnv | il skr gms givgno |y sik gir gms giu gno
L gl gimgrs siugnv il gkm grs giugne | gik gimgrs siugny | slm gkr sis gjugno | skm gl gis sju gno
L ghlgmr gis giugnv y slm sir sks sjugne | gim gl ks sjugny | gil gmr gks gjugne | skm gir sls siu o
| gimghr gls giugnv ik gmr gls sjugne | skl gir sms gjugny | gil skr gms gjugne | ik gl sms sju gno
gkl gimgrs giugn | gil gkm grs siusnv | ik gim srs giugnv | slmgir gis skugno 4 sim gl gis ghu gno
L gilgmr sisghugny | slm sir 5is gkugno | gim gir gis skugnv | gil gmr gis skugno - sim gir gls gku gno
L gimgir gls ghugnv  sid gmr gls skugno | gil sir gms skugnv | sil gir gms skugno - 5id gir gms ghu gno
L gilgimgrsghugny y sil gimgrs skugnv | 5ij slm grs ghugnv | skm gir sis slugno - sim gkr gis gl gno
L gikgmr gisglugny . skmgir gis shugne | gim ghr 5is slugnv | sik gmr gis slugno | sim gir sks gl gno
| gimgir gks glugny y sid gmr gks ghugne | gik gir sms slugny | sik sir gms shugno | sij shr gms gl gno
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L gikgimgrsglugny | sikgim grs ghugne | 5ij skm grs slugny | skl gir gis smugno - sil gk gis gmu gno
| gikglr gisgmugny skl sir gis smugne | gil skr sis gmugny | sik gle 5is smugne il gir sks gmu gno
il gir gks gmugny  gid glr gks gmu gnv | sik gir gls smugnv | gik gir gls gmugno i ghr gls gmou gno
L gikgilgrsgmugny  siksil grs smugno | 5id skl grs gmugny | skl gim gis grugno - sil gkm gis gru oo
L gikgimgis grugnv skl gim gis grugne | gil skmgis srugny o sik glm gis grugno sl gim gks gru gno
L gilgimgks grugnv y sid glm ks grugne | gik gimgls srugny | sik gim gls grugno i gkmgls gru oo
L gikgilgms grugny  sikgil gms grugne | 5ij skl gms srugny | skl gim gir gsugnv | sil skm gir ssu sno
| gikglmgir gsugnv skl gim gir gsugne | gil skm gir ssugny | sik glm gir gsugne | gil gim ghr gsu gno
L gilgimgkr gsugny  sid glmghr gsugno | gik gim gl ssugno o sik gim glr gsugno - sid gk gir gsu oo
L gikgilgmr gsugny  sik gil gmr gsugno | 5ij gkl gmr gsugno | slm skn gis sivgro y skm gin gis giu gro
L ghlgmngis giugro . slm singhs giugro | gimgin gks giugro | 5il smn gks sivgro | skm gin sls giu gro
L gimgkngls giugro 4 sikgmn gls givgro | skl gingms giugro | il skn sms sivgro | sikgingms giu gro
L gl gimgns giugro y sil skm gns givgro | gik gimgns giugro | slm gkn gis gjugro | skm gin gis sju gro
L ghlgmngis giugre 4 slm singhs giugro | gimgin sks sjusro | gil gmnghs gjugre | skm gin gls sju gro
L gimgkngls siugro ik gmn gls giugro | gkl gingms sjugro o gil gkngms giugro sk gin gms sju gro
L gl gimgns siugro  sil ghmgns giugro | gik glmgns sjusro | slm gingis shugro - sim gin gis gku gro
L gilgmngisghugro y slm singis skugro | gimgin gis skusro | sil gmn gis shugro | sim gin gls gku gro
L gimginglsghugro 4 sid gmngls skugro | gil gingms skusro | sil gin gms skugro | 5ij gin gms gku gro
L gilgimgns ghugro y sil gimgns skugro | 5id slm sns skusro | skm gin gis slugro | sim gkn sis glu gro
| gikgmngisglugro | skmgin gis slugro | gim gkngis shugro | ik smn gis slugro | sim gin gks glu sro
L gimgingks glugro i gmnghs glugro | gik gingms slugro | sik gingms glugro i ghngms glu gro
L gikgimgns glugro y sik gim gns glugro | gij skm gns glugro | skl gin sis gmugro sl gkn gis smu gro
L gikgingisgmugro skl gingis smugro | il skn gis gmusro | sik gingis gmugro | il gin gks smu gro
L gilginghs gmugre y sid gin gks smugro | sik gin sls gmusro | sik gingls gmugro | sij gkn gls smu gro
L gikgilgns gmugre y sik il gns smugro | 5ij skl gns gmugro | skl gim gis snugre | il skm gis s gro
| gikgtm sis gnugro skl gim gis gnugro | il shm gis gnugro | gik glmgis snugro 4 il gim ghs gnu sro
L gilgimgks gnugre  sid glm ks gnugro | gik gim gls snusro o sik gim gls gpugro i gkm gls g gro
L gikgilgms gnugro  sik gil gms gnugro | 5id gkl gms snugro | gkl gim gingsugro 4 sil ghm gin gsu gro
L gikgimgingsugro | sklgimgingsugro | gil skmgingsusro | sik glm gingsugro | il gim gkn gsu gro
L gilgimgkn gsugro y sid glmgkngsugro | gikgimgin gsusro | sikgim gingsugro | sij ghmgin gsu gro
L gikgilgmn gsugro y sikgilgmngsugro | 5ij skl gmn gsusro | slm skn gir sivgso | skm gln gir giu gso
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L gimginghr §is guv  gid gmn gkr sls suv | sik singmr gls suv gik gin gme gls suv g 5id ghn gme gls guo
| gikgimgnr gis guv y gik sim gnr sls suv | 5ij gkm gnr gls suv skl gin gir sms suv g il gkn gir gms guo
| gikgingir gms guv skl gin gir gms suv | il skn gjr sms guv | gik gin s sms suv g il gin ghr sms guv
L gilgin ghr gms g sid gingkr gms guv | sik ginglr sms guv  gik gin gl gms suv 4 i ghn glr gms guv
| gikgilgnr gms g gik 5ilgnr gms guv | 5id gkl gnr sms guv | skl gim gir gns suv 4 il gkm gir gns guo
ik glm gir gns guv skl gim gir sns guv | il shm gir sns g gik glm gir gns suv 4 il gim ghr gns guo
il gim ghr gns guv  gid gim gkr sns guv | sik gim gir gns v gik gim gir sns suv g i ghm gir gns guo
| gikgilgmr gns guv  gik 5l gmr sns guv | 5ij gkl gme gns guv skl gim gin grs suv g il gkm gin grs guo
| gikgim gingrs guv skl gim gin grs suv | il shm gingrs suv | gik glm gin grs suv g il gim gkn grs guo
L gilgimgkngrs guv  sid gimgkn grs suv | sik sim gingrs suv | gik gimgingrs suv g 5id gkm gin grs guo

4 Ikl gmngregur o gk It gmn TS 4 5”5“5’””6”55“”) v (B.123)

Note that all these integrals are zero in dimensional regularization because they are scale-

less. Instead, they are evaluated by introducing a hard cutoff. After the logarithm is

found, the UV pole is reconstructed. The replacement rule we indicate corresponds to

the counterterm necessary to cancel the UV divergence that would appear in dimensional
regularization if we would not have expanded over external momenta and energies.

B.5 Color Algebra and gamma matrices

B.5.1 Color Algebra

We will use the Gell-Mann matrices as a representation of the infinitesimal generators
of the special unitary grup SU(3). The Lie algebra of this group has dimension eight
and, therefore, it has a set of eight linearly independent generators, which we write as
T* with a = 1,...,8. These Lie algebra elements satisty the following commutation and
anticommutation relations

[T T g = i f(T)us (B.124)

1
{T*, T} o5 = F(sabaaﬁ 4+ d™(T) g (B.125)

where f%¢ and d®° are antisymmetric and symmetric structure constants, respectively.
The normalization is the following

Te[T*T?) = Trd™, (B.126)

and the color factors are

Ca=N.,, (B.127)
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OF = TF CNC 5 (B128)
1
Tr = 3 (B.129)

For QCD, C4y = N. = 3 and Cr = 4/3. The following relations, which can be found in
Ref. [70], are necessary to rewrite the color structure appearing in the HQET diagrams we
compute as the one of appearing in the Feynman rules given in Sec.

(T*T")ap = Crdag , (B.130)

(T = =35 T)as = (O = L) (T7)as) (B.131)
fabe pdbe _ oy, god (B.132)

d =0, (B.133)

debeqive — (NC - &i) 5% = (8CH — 3C4)5°. (B.134)

Particularly, we computed the following relations that are difficult to find in the literature
and that turned out to be very important for the computation of diagrams appearing in
the scattering of a heavy quark with a gluon

C
(TC{Tav Tb}TC)Oé,B = (OF o 7A) {Tav Tb}aﬂ + TF(Sab(Saﬁ ) (B135)
crpa b1e CA a b
(T[T, T")T) 0p = (CF - 7) [T T 05, (B.136)
(T°T*T’T¢)op = (CF - %) (T*T")0p + %5“”@, (B.137)

and the following ones which typically show up in the computation of diagrams appearing
in the scattering of a heavy quark with a light quark

{1, T} o {T, T} s, = —2Cr(20F — Ca)dupdsy + (8CF — 3CA)(T")ap(T)sy, (B.138)

T, T}, T} op = (4CE — Ca) (T g, (B.139)

[T, T[T, T*)5y = —Ca(T*)as(T")sy - (B.140)
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B.5.2 Properties of the gamma matrices

The gamma matrices or Dirac matrices are a set of conventional matrices with certain
anticommutation relations such that ensure they generate a matrix representation of the
Clifford algebra. In general, there are several representations for the gamma matrices and
in those cases we need to specify it, we will use the Dirac representation. These relations
are standard, and read

{7} =29""14, (B.141)
{157} =0, (B.142)

with |
(Y =L, (v')*=-3L. (B.143)

The following standard traces of gamma matrices are needed for the computation of the
scattering of a heavy and light quarks

Tr(y#~") = 4g™ (B.144)
Tr(v"9"777") = 4(¢"'¢°" — "7 9" + 9"°9") (B.145)
Tr(’}/u’)/y’}/p’)/a'}/s) — _4Z'€MVPU’ (B146)

Tr(y4" 79"y 47) = 4g"(g" ¢ — g0 " + g"*g"") — 4g9° (¢ ¢" — g"’ g7 + g"1g"")
+4gﬁp<gwgav — ¢"g + guvgva) _ 491/9(9#69@“/ _ guagﬂv + gwgﬁa)
+4g" (g7 g7 — g"*¢"" + g7 ¢"*), (B.147)

Tr(7u7V7p70707575> — 4@( g#vepmﬂ _ gﬂpEVUOéﬁ +g™ ehooB _ gaﬂ €THVP | goﬂ €XHVP _ o EBIWP) )

(B.148)
We define €'? = 1 and €23 = —¢p193 = 1, so the relation between the three dimensional
Levi-Civita symbol in euclidean space with its four dimensional counterpart in Minskowski

space is €?¥% = €% Also the following relations are useful to compute the three-fermion
loop

OO = () (B.149)

C7'5C = (75)" (B.150)

where C' is the charge conjugation operator.
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B.5.3 Some algebraic relations

The following Levi-Civita symbol contraction identities have been very useful

¢iikgimn _ gimgkn _ ginghm (B.151)
gmngmn _ o5ij (B.152)
ik giik — g (B.153)

The contraction of the Levi-Civita symbol with three vectors and the contraction of Eq.
(B.151)) with four vectors give rise to the following useful properties

a-(bxc)=b-(cxa)=c-(axb), (B.154)

(axb)-(cxd)=(a-c)(b-d)—(a-d)(b-c). (B.155)

Other, less common in the literature, relations involving cross products can be obtained
by contracting the following expressions containing three Levi-Civita symbols and three
vectors

€k (e x (a x b)), (B.156)
aFblemerkl (enimendr 4 gngm gniry (B.157)
akblcmerkl(enimenjr _ enjmen”) . (B158)

The obtained relations are the following

c'(ax b)) —c/(axb) = (b-c)a"’* — (a-c)bFeir, (B.159)

20"c-(axb) = a’(bxc)’+a’ (bxc)'—b’(axc)’ —b/ (axc)'+c'(axb)/+c/(axb)’, (B.160)

c'(axb) —c/(axb) =-a‘(bxc) +a’(bxc)+bi(axc) —bl(axc). (B.161)
These relations are crucial to write the spin-dependent part of the one-loop scattering of

a heavy quark with a transverse gluon in terms of the structures of the spin-dependent
vertices of the HQET Lagrangian.
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Appendix C
Matching QCD with NRQCD

C.1 QCD and NRQCD Feynman rules

In this section we summarize the Feynman rules necessary for the computation carried out
in Sec. 3.4 For QCD, we do not display all of them, but only the ones we need.

Heavy quark propagator:
(p+m
(ﬁ Jap 0o (C.1)

p2 —m? + inq “
Gluon propagator (Feynman gauge):

; V(Sab
i/ (C.2)
q* + ing
Quark-gluon vertex:
—ig(7") aB(T")as (C.3)

The needed NRQCD Feynman rules are the ones associated to the 1/m? four fermion
operators. They are shown in Fig. [C.1]

Figure C.1: NRQCD Feynman rules of the 1/m? four fermion operators.
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C.2 QCD Master Integrals

The following master integrals are necessary for the computation carried out in Sec.

I ) / dPq 1 1 1
n;miy,m =
B (2m)P (g2 +ing)" ¢* — 2maq - v + ing ¢* + 2mag - v + i1,

o i —1 " 1 2\n m% ‘ 2\n m% ‘
 (4m)? <m%m§) my + mo (ml(m2) (E) () s

[(n—e)'(1 —2n + 2¢)
['(2 —n+ 2e) ’ (C-4)

I ) / &g & ! !
n;my, m = ; - -
17 (2m)P (g% +iny)™ ¢ — 2maq - v + iny g% + 2meq - v + in,

a0 () <on (5))
F(n—gl3—2n+2) (C.5)

(—1+n—eTB—n+2) ’

I (n;my, mg) = / g ¢"q" 1 1 o)
(2m)P (2 + )" 42 — 2maq - v + ing ¢* + 2maq - v + i1,

g2 o (3) e (2))

['(4 — 2n + 2¢) i
"T'(—1 —€) —2I'(n — e)vM"v").
X(—3+2n—26)F(4—n+26) (¢ T(=14n—¢) (n =)o)

C.3 Traces in D dimensions
In Sec. [B.5.2) we gave some properties of the gamma matrices in four dimensions. However,

in the computation of Sec. we are interested in the full D-dimensional result, so these
properties must be rewritten in D = 4 + 2¢ dimensions. The necessary ones read

Tr(+#9") = Dg", (C.7)

Tr(v#4"y79") = D(g"" 9" — g" 9" + 9""9"") | (C.8)
Tr(v"4"7Py*y79?) = D[g"*(g" ¢"* — g"°g"* + g"*¢"?) — g**(g" ¢"" — ¢"°g"" + g""¢g"")

+gﬁp<guvgav — g + guvgva) _ ng(guﬂgow _ g/mgﬁv + gwgﬁa)
+9" (97 g™ — 9" g" + g7 g")]. (C.9)
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Appendix D
Matching NRQCD with pNRQCD

D.1 Matching NRQCD with pNRQCD: An example

In Sec. the O(a/m*), O(a?/m?) and O(a3/m?) potentials are presented. These po-
tentials happen to contribute to the O(ma?®) heavy quarkonium spectrum. In this section,
we give a particular example of the one-loop matching calculation to O(a?/m?) between
NRQCD and pNRQCD. In the matching procedure, NRQCD Green functions in the kine-
matical situation E, p°, p° ~ mv? and |p|, ¢°, q, p’ ~ mv are matched to interaction
potentials in pNRQCD. These counting rules give a well defined and systematic way of
computing the potentials that contribute, for instance, to the heavy quarkonium spectrum
at a given order, and they allow us to determine to which order in v a given potential
contributes. Moreover, the leading contribution to the binding energy of the bound state
is given by

2
o MypQr

Eoop2 7
which is obtained by solving the Schrodinger equation with the leading Coulomb potential.
In addition, the binding energy of a non-relativistic bound state is of the order of the
ultrasoft scale m,v? and we can identify that v ~ «a/n. For the lower levels of heavy
quarkonium, the counting v ~ « is a good approximation. We will take this counting from
now on and throughout this thesis. As an example, let us do the counting for the Coulomb
potential i.e. let us see to which order it contributes to the spectrum

E(n) = (D.1)

% - - 311/ 3.3 @ 2
VCNPNW:>VCNdeCNmOzm2a2NmOZ, (DQ)
which is in agreement with Eq. (D.1)). The O(a?/m?) interaction potential contributes to

order

2 2 [1c13
~ a o’ k|
Vazyms ~ $|k| ~ Ko = Va2 ms ~ ma®, (D.3)
where we have used the counting of the Coulomb potential to determine the counting of
Vaz/ms quite fastly. The same applies for all the other potentials. The term [k| could be

a more complicated function of the external and transfered momentum, but the power
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counting is the same. Likewise, it can be seen that the O(a/m?) and O(a?/m?) potentials
also contribute to the spectrum at O(mab).

The diagram we have chosen as an example, which is shown in Fig., happens to be
irrelevant for the computation of the potential running of D'? because the O(a2/m?) con-
tribution turns out to be zero, but it has all the ingredients that can appear in the matching
calculation, so it is a good pedagogical diagram. In addition, it gives an O(a?/m?) contri-
bution which we also compute. During the calculation, we use the non-static heavy quark
propagator and expand it to the necessary ordelﬂ. Also energy dependent propagators are
expanded to the necessary order. The computation is carried out in the center of mass
frame of the heavy quark-antiquark pair.

As explained in Ref. [§], NRQCD Green functions are splitted in two contributions
corresponding to the two kinematical situations where the loop energy is either soft (¢° ~
muv) or ultrasoft (¢° ~ mwv?). In the former case, green functions can be associated to a
local in time, but not in space, interaction potential. The green functions are then matched
to potential terms in pNRQCD. In the latter case, green functions can not be associated
to a local in time potential, and that contribution corresponds to the usual iteration of
potentials in non-relativistic quantum mechanics, which we refer in this thesis as potential
loops.

Let us look closer to Fig. [D.3]. The loop diagrams on the left are NRQCD four-fermion
diagrams, whereas the ones on the right are the same kind of diagrams in pNRQCD.
Since the same diagram exists in both theories one has to subtract to the diagrams of the
underlying theory, the ones of the EFT. The remainder, if there is any, can be absorbed
in a new non-local in space term (interaction potential) in the EFT. This new interaction
potential can be finite, but also IR or UV divergent. In the former case, the divergences are
typically cancelled by the ultrasoft, and in the latter, they are absorbed by the counterterms
of the potentials determining their anomalous dimensions. Both kind of diagrams must be
considered to be in the kinematical situation E, p°, p'® ~ mv? and |p|, ¢°, q, p’ ~ mv, so
note that the pNRQCD diagrams are not potential loops. The effect that subtracting these
pNRQCD diagrams has is to regulate the NRQCD diagrams by eliminating the contribution
of the heavy quark propagator poles that have already been included in potential loops,
and that in NRQCD diagrams produce a kind of IR divergences called pinch singularities
(fin poles).

Before going to the particular one-loop calculation, we need the tree level matching
due to a longitudinal gluon exchange shown in Fig. [D.1], and due to a transverse gluon
exchange with two ¢ vertices shown in Fig. [D.2]. The matching will be carried out in the
off-shell Coulomb gauge matching scheme. From Fig. |[D.1] we have that

ey U -
—ig(T )aBPW(T Jpar = —iVo . (D.4)

Therefore o
17 a a tg
— ZVC = (T )QB(T )B'alg . (D5)

I Another option is to use the static heavy quark propagator and consider corrections coming from the
expansion of the non-static one as kinetic insertions. Both options are equivalent.
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Figure D.1: Tree level 1/m® matching between NRQCD and pNRQCD due to a longitudinal
gluon exchange. The vertex comes from the 1/m" heavy-gluon operator of the NRQCD La-
grangian. It gives the leading interaction potential between the two heavy quarks, the Coulomb
potential.

It is worth noting that, since in the Coulomb gauge the longitudinal gluon (the time
component of the vector potential) has an energy-independent propagator, the interac-
tion associated with the exchange of it corresponds to an instantaneous potential. From

Fig.|D.2] we have that

Figure D.2: Tree level 1/m? spin-independent matching between NRQCD and pNRQCD due
to a transverse gluon exchange. The vertex comes from the 1/m spin-independent heavy-gluon
operator of the NRQCD Lagrangian, which is proportional to cg.

(1) g nigpay 0 (i KK\ (9 —ig N pa o
D T aB75 oY — -P T ‘ol = T 5Vree7 D.
Ck le(p+p)( )5k2( k2+i779 Cr 2m2( p p)( )ﬂ LoVy ( 6)

~ g2 1 - KK
. ‘6Vree _ (1) (Z)L Ta N T o ind [ §i — ) D.7
o Vy Cr Ck m1m2( ) ,8( )ﬁ <k0>2 _ K2 + anp p k2 ( )
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Note that, due to the energy dependence of the transverse gluon propagator, the above
expression have to be expanded and it contributes to the spectrum at different orders of
ma. In particular, it contributes to all orders in ma**t?", with n € Z*. Expanding up to
the order of interest (ma®)

g2 0)2 1.7
ST = 0@ 19 ey ] K2\ , . (. Kk
Ve = G0k L ST )y (1+ o) e (07 -S5) . (D)

where we removed the 7 prescription because it will not be necessary even when we
will introduce this potential inside the pNRQCD loops, since there will not be energy
dependence in the denominator, and therefore, no pole in the complex energy plane. At
this point, we can start the computation of the one loop diagrams shown in Fig..
Schematically we have

Figure D.3: One-loop contribution to the O(a?®/m?) matching between NRQCD and pNRQCD
due to a longitudinal and a transverse gluon exchange. Diagrams above are NRQCD ones,
whereas diagrams below are pNRQCD ones. The one-loop pNRQCD diagrams regulate the pinch
singularities of the NRQCD diagrams. The transverse and longitudinal gluon exchange vertices
come from the 1/m spin-independent and 1/m° heavy-gluon operators of the NRQCD Lagrangian,
respectively.

LA L=1"+ 1 —i6Vieep - (D.9)
Let us begin with I;
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e ] Gl =
7 Gt = AP () (i) (T s i) (1)t
XE1+E2Z—q0+inq ) (D.10)
Introducing the change of variables Q = q — p the integral can be simplified to
I, = 0121)012;2)%(TbTa)aﬁ(TaTb)ﬁ’a'pin / (d;TQ)d <5ij - Q(;?j) (Q_Il_k)z
0 1 1 1
' / C;iﬂ(qo —E1)? = Q2 +ing ¢° +ingq° — Ex — By —ing (B-11)

By Taylor expanding following the hierarchies described at the beginning of the section
and up to O(mab), I; takes the form

4 Y g iQJ 1
L, = C](gl)cl(f)g—(TbTa)aﬁ(TaTb)B’a’plp]/ﬁ (5w _ QQ? ) QL LP (D.12)

% / dqo 1 1 1 (1 4 2q0E1 E1 + Eg)
2m (¢°)? — Q% + iy ¢° + i, ¢° — in, ()2 = Q*+in,  ¢°—ing/)
Now let us compute the diagram in the EFT (pNRQCD), I7. The amplitude can be written
as

- | iy ——) (D.13)
(2m)P Q@ +ing By + Ey — ¢° + in,

or explicitly, as

qu 1) (2 Z‘92 1 (QO - E1)2 i
P = / D@ T Tgy—= |1+ —— | p'pP’ D.14
1 (27T)D k Ck mlmz( )“{ﬂ( )5W (q_p)g (q_p)g ( )
i (a— P)i(q - P)j> i v b b iQQ
x | 09 — . — (T o (T oy ——— .
( (a—p)? q° + ing E1+E2—q°+mq< Jor(T)y (q—p)?

Doing the change Q = q — p, the integral can be written as

4 o diQ (.. Qi 1 1
o= W@ I rbpay gy i / (yj__) 11
1 Cr Ck mlmg( Jas( )ga’P'P (27 )d Q? Q2 (Q +k)?

x/d—qo (1+ (qO_El)Q) ! ! (D.15)

2m Q? ¢ +ingq° — By — By —ing
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Finally, expanding up to the desired order, we obtain

P _ 1) (2 g4 bra arb 17 ddQ iJ QZQ] i;
I = —¢ ¢ 2(T T")ap(TT") grarP p]/ (27)d (5J Q2 > Q2 (Q + k)2

dg® 1 1 (1+(q0)2—2q0E1 E1+E2(1+ﬁ)>.([).16)

21 ¢ + ing ¢° — ing Q? q° — ing Q?

The quantity I; — I must be pinch singularity free, and the integral over ¢° can be com-
puted. Before the ¢° integral is performed I; — I? is given by

' 4 (o Q @

T _IP — (1) (2) 9 TbTa N TaTb o i j/ 59—

1 1 Cr Ck mlmQ( )as( )paP'P (2r)d Q+k
dq 1 1 1 (( 0)2 E1 + E2

21 0 +ing® —in ()2 — Q +in ¢ —in Q?

where we have used that antisymmetric functions integrated over symmetric integration
limits vanish. Note that we have also removed the scaleless integral ( [ d¢°/2m) that ap-
peared. A priori, such integral is ill-defined, so we have to regulate it by extrapolating
the ¢° integral to d’ = 1 + 2¢ dimensions. The resulting integral is scaleless and vanishes
in dimensional regularization. Integrating by residues we find that the term proportional
to By + Fy vanishes, so there is no O(a?/m?) contribution to the potential, but only an

O(a?/m?) contribution. After integrating over ¢" the following d-momentum integral is
left

), (D.17)

g A (L QU 1 1
I, — JP = (1) (2) tg TbTa N e o P ]/ (5@] _ > )
1 1 k‘ k‘ 2m1m2( ) B( )5 PP (27T)d Q2 |Q|3 (Q+k)2
(D.18)

Analogously, for I, — I}, we find

gt Q (., QQ\ 1 1
I, — P = — 1 2 Y TbTa N TaTb . n /]/ (6” - )
2 2 Ck; Ck; 2m1m2( ) B( ),3 PP (27T)d Q2 |Q|3 (Q —é— k)2

D.19)
Therefore, the contribution to the O(a?/m?) potential is given by

4
Vioop = c,ﬁ”c,(f)Q—(T "T)os(T°T") g (p'P’ + P"'P”)
ma

Q[ QQ 1 1
</ W(5 Q2)|Q\3<Q+k>2’ (D-20)

which an be expressed in terms of the master integrals of Sec. as
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5‘/1100p = ](C)C](CZ)M(TZ)T&)OZ,@(T&T )5' '( p] + p/Z ,]) (51]11(1 3/2) (1’ 5/2>) :
(D.21)

In d = 3 + 2¢ dimensions and projecting to the singlet sector using the relations of Sec.

D.3, Eq. (D.21) gives

- 1) g9 1 1
5‘/1100p = Cgc C](€)2m1m2 87“/% (471‘)6
L2 —el(1/2+e)l(1+¢) k'K
{  T(5/2)0(3/2 + 2¢) k2
I'(1/2+¢) B I'(5/2 4+ ¢) )5’7]
I'3/2)r'(1/2+2¢) (3+2¢)'(5/2)I'(3/2 + 2¢) '

By Taylor expanding to O(e”) we obtain

Cr(p'p’ + p"p”)|k| >+ (D.22)

+n1—@nq(

4
Y w2 9 —ot2e | L
(p-k) (p'-k)?
— 1 + O(e) .

As it can be seen, this contribution to the potential is divergent. That divergence has IR
origin, since the superficial degree of divergence of Eq. is D = —2, and it is not
absorbed by any Wilson coefficient of the potential, but it is cancelled by the ultrasoft [66]
instead. Afterwards, the resulting contribution to the O(a?/m?) potential is finite.

(1 +1+7 —In(m )> (p> +p”)

(D.23)

D.2 NRQCD Master Integrals

The following d-momentum master integrals are needed to carry out the matching between
NRQCD and pNRQCD, in particular, to compute the O(a?/m3) potential presented in
Sec. L.4.2

d’Q 1
hed) = [ Griazionge D24

Do+ =3/2— OT(3/2 = a+ IT(/2— B+e) )y auasasa
(4m)3 2 T (@)D (H)TB — a — B + 2¢)

)

Ii(a, B; £k) E/ ‘Q Q

(2m)* (Q £ k)* Q%
1 1 T(a+pB-3/2—el'3/2—a+e)l'(5/2—F+¢)
87r\/_ (47)€ C(@)T(B)T(4 —a— 5+ 2¢)
><|k| —2a— 25-{-3-{-2eki7 (D25)
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ij _ [ d'Q Q'Q’
(o, B) = / (27)4 (Q + k)20Q2P
1 1 1

~ 87 (Am) D(Q)T(B)T(5 — o — B + 2¢)

|k| —2a—23+5+2€

o (F(5/2 +e)l(a+p8-5/2—el'(5/2—a+¢)'(5/2— 5+ 6)5ij
B+ 20T(3/2+¢) -
(a4 B—3/2— OT(3/2 — a+ T(7/2— B + o) k;{lf) . (D26)

'Q  QQQF

(2m)4 (Q £ k)?*Q?»

11 1

= T8/ (@n) (@) T(B)T(6 — @ — B + 2¢)

X (%F(a—{—ﬁ —5/2—el'(5/2—a+e)I'(7/2— B +¢)

17" (a, B; £k) E/

|k| —2a—2[+5+2¢

x (K69 + k6% + K'o") +T(a+ B —3/2 —e)[(3/2 —a +¢)

KT(9/2 — B+ ¢) kfﬁ) | (D.27)
[ QQQQ
0 = [ Goig e
1 1 1

= |k|—2a—26+7+25
8m/m (4m)e T(a)T(B)T(7T — v — B+ 2¢)
x (il“(a Y B-T/2—OT(7/2—a+T(7/2 - f +€)
x (§1§H 4 gik gy itk
—l—%F(Q +5—=5/2—¢(5/2—a+€e)l'(9/2— 5 +¢)
LENIKE 1 KK 1 KR 4 6N

E((SUkk:kl +5zkk]kl

kik/KkFK!
+l(a+5—-3/2—€)'(3/2 —a+e)'(11/2 — B +¢€) 1 . (D.28)
Also the following ¢" integrals are very useful
dg® 1 7
L= | — = —— D.29
2 21 ¢° +in 2’ ( )
dq° 1 1 i1
= [ == = —-—, D.30
s / 2 (¢°)? — Q%2 +in, " +1in, 2Q? ( )
dq’ 1 1 1 ) 1

‘,4:/i 0)2 24, 02 2 i 0 =— 0z (D:31)

2m (¢°) — Q¥ +1ing (¢°) = (Q = k) +ing ¢ +in,  2(Q—-k)’Q
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D.3 Color structure

Since we are only interested in observable heavy quarkonium, i.e. in heavy quarkonium in
a color singlet state, we are only interested in the color singlet potential, which describes
the interaction between the two heavy quarks inside the bound state without changing
the color of the bounded systemﬂ Therefore, we need to project the potential to the
singlet sector |s) = \/;N—ﬁaa' ((s|= \/LN—C(SBW). The following projections are necessary to
that purpose

(51005057 |8) = 1, (D.32)

(SI(T)as (T*)rals) = Ci, (D.33)

BT T)un (T )rls) = Cr (Co = ). (D31)
(ST o (T“T)rls) = C2., (D.35)

(5L (1) (") rrls) = 5CCa, (D.36)

(8| fAT? T} s (T grev|8) = 0. (D.37)

2Contrarily, heavy quarkonium in an octet state brings color charge, and therefore, it is not observable
as an asymptotically free state. The interaction potential between two heavy quarks in a color octet state
is the interaction potential projected to the octet state. Heavy quarkonium in a singlet state can also
interact with ultrasoft gluons and with octet quarkonium fields as intermediate steps. However, this kind
of interactions are accounted in the ultrasoft.
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Appendix E
pNRQCD RG

E.1 Feynman Rules of pNRQCD

In Fig.[E.1], we display the pNRQCD Feynman rules needed for the calculation of the
potential running of f)gf). A more complete set of Feynman rules can be found in Refs.
[2, 8].

1

E-— P +1in

21,

_______ = —iGY) =

I

Figure E.1: pNRQCD Feynman rules needed for the calculation of the potential running of
ﬁc(lz). Above the QQ singlet propagator and below the iteration of a perturbative interaction
potential. Hats over quantities mean we are dealing with operators.

E.2 NLL Potential Running of Dc(f): An Example

In this section, we give an example of the computation of a potential loop contributing
to the NLL potential running of f)c(f), as well as, we determine its contribution to the
potential RGE. In general, there are one-loop and two-loop contributions at O(a?). The
master integrals relevant for the complete calculation are summarized in Sec.

The potential running is the contribution to the full running (soft, potential and ul-
trasoft) coming from potential loops, which is equivalent to non-relativistic quantum me-
chanics perturbation theory. Potential loops correspond to the region of NRQCD green
functions where the loop energy is of the order of the ultrasoft scale. More precisely, when
E, p°, p°, ¢° ~ mv? and |p|, |p|’, |a| ~ mv. The anomalous dimension is determined from
the UV divergences arising in diagrams of heavy quark-antiquark pairs interacting through
different order in o and m interaction potentials, that are treated as perturbations. There-
fore, we are only interested in the UV pole, i.e. the 1/¢, of these diagrams. Unlike in Ch.
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we will keep hats in the present section to symbolize we are dealing with operators in
order to make it more clear for an unexperienced reader.

Let us go into the computation. Firstly, let us explicitly write the Coulomb and delta-
like potentials in momentum space, as they are the ones we will use in this example. They
are given by

~ g

Vo =—Cp kV; : (E.1)
7 (2)

- mD

Va=Cp mﬂj%? : (E.2)

respectively. We also need to fix the normalization, which is given by the diagram shown

in Fig.[E.2]. The amplitude reads

Figure E.2: Potential loop of a single 1/m? potential. It fixes de normalization.

. s - . wDY
— 1Ay = (P'|(—1)Vylp) = =iV, = —zC’lem2 , (E.3)

where we used that the object (p/|V|p) = V is the Fourier transform of the d-dimensional
potential in position space i.e. it is the d-dimensional potential in momentum space. As an
example, we consider a two-loop calculation which consists in the iteration of the potentials
shown in Fig.. Let us compute first the potential loops with the Coulomb potential
applied to external momenta. On the one hand, we have that —i A3 = —iA;(p < p’), so
we only need to compute one of them. On the other hand, —i.A; is given by

""" -
Vi Vi Ve
""" -
Vi Vo Vi
—————— -
Ve Vi Vy

Figure E.3: Potential loop that contributes to the O(a?) potential anomalous dimension of Dc(f)
consisting in the iteration of two 1/m? potentials and one Coulomb potential.

162



N 1 ~ 7 ~
A = (Ve (i (—)Vlp
1 N 1

= _4””3 <p,|f/;1 ~ 9

— Vi~ — Velp). E.4
5 2m (& i) g e P (B

Note that every propagator adds an extra power of m,. Introducing identities in terms of
momentum eigenstates we can write the amplitude as the following two-loop integral

. dd/ 1 . .
—id = i [ L[ L ) (Pl

Xq —2mT(E+z77)< ’ C’p> (ES)

Using that V = (p/|V|p), we find

3 2 diq d*q/ 1
—idy = 4irCig DY / /
iAq 1 Crgy, g m?m2 | @2m)d ) 2n)dq® — 2m,(E + in)
1 1
y | _ E.6
q? — 2m,(E +1in) (¢’ — p)? o

Always that we arrive at this stage we make a delicate step. We set all the external
momenta p and p’ equal to zero. This step can only be justified if all the integrals are UV,
and then killing the external momentum does no ruin the regulation of any IR divergence,
and also if the two integrals are together logarithmically divergent. This is so because the
appearance of an external momentum lowers the superficial degree of divergence, making
it more and more IR. Therefore, if the integral is logarithmically divergent, the appearance
of an external momentum would make it IR instead of UV. In that case, we can set all
the external momenta to zero and all the divergences can be absorbed in the delta-like
potential. Contrarily, if the superficial degree of divergence is such that the integrals are
UV and power-like, then this step would not be justified, as the appearance of a factorized
external momentum is necessary to make the integral logarithmically divergent. In that
case, the integrals would contribute to the potential running of all other spin-independent
1/m? potentials. Fortunately, by explicit calculation, we see that this is not the case
and that all the integrals satisfy both previous conditions. Therefore only the delta-like
potential gets potential running. Note that the regulator of the integrals is the term
—2m,.(E + in) coming from the singlet propagator. Thus

B 2 dd / 1 ddq 1
LiA, = 4in?CRg2 D@2 / / .
: FIVEa T img ) @m)d a®(q? — 2m (B + in) ] (2m)aq® — 2m, (E + in)
2
. ~ m,
- 4m2cgg351732>2m1m(1, 1)Ip1,(0,1), (B.7)
1172
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where Ipi,(1,1) and Ipr,(0, 1) are master integrals defined in Sec. [E.3.1] These two integrals
are not divergent. Therefore, —i.4; does not contribute to the running. For the same reason
—iAs neither contributes. The other possible contribution is the one with the Coulomb
insertion between the two delta-like potentials. For this case, the amplitude reads

l ~ l

—idy = (p|(—=)WVy———— (i) Vo———— (=) V| p) . E.8
2= W e V). ()

By introducing identities in terms of momentum eigenstates and consequently writing the
amplitude in terms of momentum space potentials, we find the following expression for the
amplitude

- m? ddq 1
i — o D
1A e Cply, g m2m2 | (2m)d % — 2m,(E + in)

y / d*q’ 1
(2m)4(d — a)*(q”? — 2m,(E +in))

2
2)2 m,.

= 4in*Cgt. D IPL(O,l,l,O 1), (E.9)

1

where the two-loop integral Ipp(0,1,1,0,1) is defined and evaluated in Sec. m The
amplitude is finally given by

. 2
. v 3 9 x(2)2 T 1 - \)2€
—iAy = —1—60ngst m2m? ;(—er(E +1m))™ + O(e) (E.10)

which is divergent. This divergence gets absorbed in the spin-independent delta-like po-
tential, more particularly into its Wilson coefficient Df). The counterterm that cancels
the UV divergence above is given by

5D = — L cagy p@2 M L (E.11)
d 16p F7Vsd miMms €

Its contribution to the potential RGE of f)((f) can be obtained from the relation

v—D% = —y—sD | (E.12)

since Dfﬁé = [)((f])% + 5[?((12). Therefore

d - He H@2_ My
= %o —r E.13
Vdu rav. Dy m1Ma ( )

Let us stress that Eqs. (E.11}[E.13|) are nor the complete counterterm neither the complete
RGE despite of the notation of Ch. {4 and they must be understood in this section as the
contributions coming from the potential loops we have computed.
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E.3 Potential Loop Master Integrals

In this section, we summarize the integrals that appear in the potential loops we compute
to determine the potential running of 15((12) in Sec. [4.5.3, All the integrals can be computed
using the standard technique of Feynman parametrization and the master integrals given
in Sec. In general, we are only interested in the divergent part of the integrals, since
we only want to compute the potential anomalous dimension of [)d

E.3.1 One-loop Master Integrals

The general structure of the one-loop integrals that appear is the following

_ [ d%g 1

Ipp(a, ) = / 2m) (q2)*(q? — 2m, (E + in))? (E.14)
1 T(a+p-3/2—-¢I'(3/2—a+e) e
— (471')3/2—&-6 F(ﬁ)F(?)/Q T 6) (—er(E + 277)) B+3/2+e

These particular cases in which the integral above is divergent appear in the calculation

IpL(1/2 — €,1) = ———(—2m,.(E +in))* + O(e), (E.15)

m2e

1
Ip(—1/2 —€,2) = —m(—QmT(E +11))* + O(e) . (E.16)
Also the particular cases Ip,(1,1), Ip(0,1) and Ip(—1,2) appear. All of them are finite

and do not contribute to the anomalous dimension.

E.3.2 Two-loop Master Integrals

The general structure of the two-loop integrals that appear is the following

1
Ipr(a, B, A0, p) E/(% d 2) (g% —2m,.(E +in))?

< / g L
2m)? | a)?]Ma?)7(a” — 2m,(E + in))
_ 1 (a+ﬁ+A+a+p 3 — 2¢)
(4m)3t2e D(a)T(B)L(A) (o) (p)

1
x(—QmT(E + in))aﬁ)\ap+3+26/ dx xfp+1/2+e(1 o x)pfl
0

1
. / dyy 7 PHE(L — )T (L - ) RS
0
1 1
X / dz 2711 — z)’\+”+p_5/2_€/ dww* (1 —w)?!
0 0
—a—f—A—0—p+3+2¢
1-— 1-—
><<z(1—w)+( 2)( Z)) . (E.17)
zy(l — zy)
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The expression above is rather general but not very powerful, since the integrals over
Feynman parameters can not be computed analytically in the general case. It can not be
computed analytically even in some particular cases. Instead, one can use this expression
and try different techniques to extract the 1/¢, like expanding the term

(z(l—w)—l— (1_x)(1_2))26, (E.18)

zy(1 — xy)
which appears when the integral is logarithmically divergent, to O(e°). Note that, in those
cases where some argument of the integral is zero or a negative integer, the integral must
be regulated. That can be done by shifting these arguments by a small amount ¢ and then
taking the limit 6 — 0 after doing the integral and before expanding in €. The following
particular cases in which the integral above is divergent appear in the calculation

_ o . 2¢
Ip,(0,1,1,0,1) = —647T26( 2m,(E +1n))* + O(e), (E.19)
o . - = (_ . 2e
Io(=1,2,1,-1,2) = = (=2m, (E + in)* + O(¢). (E.20)
_ I . 2e
Ipr(—1,2,1,0,1) 647r26< 2m,.(E +1in))* + O(e) . (E.21)

Also the particular cases

(=1,1,1,1,1), Ipn(=2,1,2,1,1), Ipr,(0,1,2,—1,1), Ipr(—1,1,2,0,1), (E.22)
IPL(l,l,l,—l 1), Ipp(=3,1,3,1,1), IPL(1,1,3 3 1), Ipn(—1,1,3,—1,1),
Ipu(0,1,3,-2,1), Ipp(—2,1,3,0,1), Ip(1,1,—-1,1,1), Ipp(—3,3,1,1,1),

(—2 2,1,1,1), Ipn(—3,2,2,1,1), Ipp(—1, 2 2,-1,1), Ipr(—2,2,2,0,1),

IPL

IPL

appear. All of them are finite and do not contribute to the anomalous dimension.

E.4 Necessary Wilson coefficients

Here we present some Wilson coefficients needed for the computation of the NLL running
of the Wilson coefficient associated to the spin-independent delta-like potential.

E.4.1 For the plot of the LL running of [36(12) with the two-loop
running coupling

In order to visualize the relative importance of the NLL corrections compared with the LL

term, we plotted the later in the Coulomb gauge in Sec. [£.3] To this purpose we needed

the LL expressions of the the following NRQCD Wilson coefficients which can be found in
Refs. [3| [14]
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LL LO 9C 5Cs +4Trn s
cp(v) = c¢p(v) -1+ Y 8Tan{ — 10, 1 4TFn;z 2Ca
Ca + 16Cp — 8Tpny
2(CA — QTFTLf)
_7OA + SQOACF - 4CATan + 320FTFTLf 4TanfgCA
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SLENG ) —20a o (2 1 — 5 6Ca E.2

o, {Z "\ 13, N ’ (E23)
LL LO C

dss(y)‘ = dss(l/h)‘ +4CF (CF - 7A> %a(yh)(zﬁo -1), (E.24)

dvs(u)‘LL _ dvs(uh)‘w ~ a(v )[4CF - % 20, (m2 + ) } 25:( 0 1)

—a(v) (@ + @> Ll{ _ 5Ca+4Trmy  Fo
Mo 9C s + 8Trny 20 404 + 4Tpny By — 2Ca
Ca+ 16Cr —8Tpny s
Q(CA - 2Tpnf)
—7C5 + 3204Cp — AC4Trny + 32CrTrny 35
A(Ca+Tpng)(2Tpny — Cy) 360 + 4Trny — 204

8Trn 16}

Bo+4Trns/3—2C4/3 / 0 Bo—2Cx

X —1)+ —1
(Z ) 904 |:BO — 204 (Z )

@ 2& Bo _ 1) _ 650 Bo—13CA/6
+<13—|—130A><(z 1) 650—130,4(2 1))] },(E.25)

where the initial matching conditions are

x (2P=2Ca _ 1)

‘LO

dss(vp) + Crdys(vp)| =0, (E.26)

cp(vn)| =1, (E.27)

)LO
LO LO
Note that, for the unequal mass case, dss(uh)‘ = 0and dvs(uh)‘ = 0 separately, at O(«).

This is not true for the equal mass case, since there is a non-vanishing contribution to the
initial matching conditions at O(«) coming from QCD annihilation diagrams However,

Eq. is satisfied in both cases and it is enough for the evaluation of D (2)LL
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E.4.2 For the numerical evaluation of ZN?EZ?) at NLO

In this section, we summarize the needed expressions of the NRQCD Wilson coefficients
to compute the numerical value of the Wilson coefficient [Df) at NLO. They can be found
in Refs. [I5], 28]. The label NLO refers to the purely NLO contribution i.e. without the
inclusion of the LO contribution.

Different masses: B,

NLO Ca a(vp)? m3 1 m? 1
2

dss(yh

NLO NORY m2 1 2 .
o] = a2l () +5) (0 () +5).
Ca afvp)? 2 m3 1
4 1 oy -
L me—m2 3{mi| In 2 —1—3

N—
+
Wl =
~_
~_

NLO 2
cg><yh>] = —a<yh)CA _ da(m) (1 + Eg) Tr + a(vn) (§CF + gCA> In <@
T T my ™

Equal masses: bottomonium/charmonium

NLO g% 34 N2—1_ N:-1_ 2 (Cy

dss(l/h)) = _2N — ON — e dvs -3 e dm)—f—gCF (7 — CF) a(yh)2 (E32)
NLO a o , Gys | 3dy, (4 11 2
dys(vn) = —d;, — 3d;, + o, + 2N, + <3CF + 12CA) a(vy) (E.33)
NLO C
| = a(w)*Cr (é‘ _ C’F> (2—2In2 + ir) (E.34)
NLO

o - (E.35)

- (—;CA + 4CF) (2 —2In2 + i) (E.36)
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NLO 1 5 . 8 109
d,Law = —Oé(Vh)2 (TF <§7’Lf (2 In2 — § - Z'ﬂ') - §) + CA% — 4CF) (EB?)

(4) (

‘NLO o) ‘LO

ey (vn = C'y — 16ds(vp) (E.38)
2
LO a(Vh>
d ‘ - T E.39
2(v2) 60r (E.39)
LO LO LO LO
Let’s recall that d%,| = —wa(vy), whereas d%,| =4d%| =d%| =0.

E.5 Details of the soft RGE

The soft RGE of [?((12) was displayed in Sec. . It reads

d _
Vom—(dgs + Crdys)| = Cpa? <2CF CA) el

dv, soft 2
+Cpa? [% (;Tfn P (CA +Cp)el -1 ZCACF”)
+Zi (éTfnfcl @ _ g((JA + Cp)elV? — —C (”2)]
+OF§ [% (—ngf (65C, — 54Cp) P 4 D)2 f§(250,4 = %Tpnf) (2”)
+Z—j (—ngf (65C — 54Cp)E" ™ + #c)? - %(25@ - %T ny) (”2)}
+cF {#ck Ot s+ #d | (E.40)

where the numbers ”#” are presently unknown. Remember that our aim is to determine
the purely NLL, i.e. the O(a?+a®Ina+...), contribution to the soft running of dg,+Cpd,s.
In order to isolate this correction from the LL part, we start splitting the Wilson coefficients
into their LL and NLL contributions, namely ¢; = [¢;]* + [¢;]NF. We also set to zero the
unknown terms (including the NLL running of ¢ which is also unknown at present, so we
take it with LL precision). Thus
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Vsdiys(dss + Cpd,s) e Cra? (2CF — %) (E.41)
+Opa? | (Ton O = 3(Ca+ Cr) = ZCAT + (1)

% (%Tan[cl“”] (CA+CF) _ 30 (O] + [c! >]NLL>2)]

+CFZ—; {% ( - ngf (65C4 — 54C) [ P]HE — ?§(250A - % ) ([ <2)]LL)2)
#1220 50— 540yl - S0 - om0 |

The Wilson coefficients at LL do not depend on the mass, so

d _
Vs_(dss + CFdUS) = C’F@2 (QCF - %>
Vs soft 2

#Cpa? (24 22 ((Sen el - 2(Cat Cr) — Calerl™P)

mo My
5 m m
—ECACFOCQ[CF]LL (H;[Cg)]NLL + Ej[cg)]NLL)
043 ma Mo Tan LL
+OFE (E + E) (— 54 (65CA — 54CF)[ ]
C 125
N 7Tan)([CF]LL)2> ' (E.42)

Let us writte the RGE above in terms of a derivative with respect to « instead of a

derivative with respect to v,

Tl Ori)| ==t (200 - )
#Cpa (4 22 (Sen el - 2(Cat Cr) - Calerl™P)
—gcAcFoﬂ el (AP 4 %j[c%ﬂNLL)
BETER T
-2 050 = D) er )| (6.43)

Expanding in powers of a and taking only the relevant terms to determine [d, + Cpdys N,
where dgs + Cpdys = [des + Crpdys|"Y + [dys + Cpdys) N, we obtain the following RGE
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%(dss + Clrdys) :ZL = 25_: [%%CF (QCF - %)

+§0AOF[CF]LL (%[cﬁ?]m + ”mii[c;D]NLL)

+CF% (% + Z—j) (ngf (6504 — 54Cp) (e

+%(25CA - %T an)([CF]LL)Q):| : (E.44)

which written in terms of z, reads

(e + Crd) SN;L = ma(v) = [%O‘(Z’l—ﬁ@ (QCF - %)
+%a<2h—732500F (% + %) (% gl — %(CA +CF) — %CA([CF]LL)2)

2 CCrler] TP 4 )

+CFO‘<Z’1—;Z% (% + Z—j) (ngf (6504 — 54C) (L

#8050 — D) er )| (B4

This is precisely the equation we solve to obtain Eq. (4.70)).

E.5.1 NLL running of cp

Note that, in order to solve Eq. (E.45)), the Wilson coefficients ¢! and cp are needed with
LL and NLL precision, respectively. The expressions with LL precision are summarized in
Sec. [B.2] The full NLL running of ¢y was computed in Ref. [I3] and it is given by

D (my) = 270/ {1 L olm) (61 +0m (%) ) ;. olvn) = alvs) (l - %Blﬂ , (E.46)

AT 2 4 260 202

i
where

68 52
Yo = QCA, Y1 = 30% — ECATana c1 = Q(CA + CF) . (E47)
This expression can be splitted into its purely LL and NLL contributions, cg) (m;) =
[cg) (m)|" + [cg)(mi)]NLL. The purely NLL contribution is given by
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