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Abstract

In this dissertation, we concentrate on the physics of weakly bound states made of two heavy
fermions with different masses. Their description is performed in the framework of effective field
theorys (EFTs), specifically pNRQED and pNRQCD. We compute the potentials up to next-to-
next-to-next-to-leading order (N3LO) for two systems: hydrogen-like atoms and heavy quarkonia.
We apply our results to the extraction of some associated energy levels.

In the first part of this thesis, we obtain a model independent expression for the muonic hydro-
gen Lamb shift. This expression includes the leading logarithmic (’)(muoﬁ) terms, as well as the

2
5 AQ”“ ) hadronic effects. Most remarkably, our analysis include the determination
QCD

of the spin-dependent and spin-independent structure functions of the forward virtual-photon
Compton tensor of the proton to O(p?®), using HBET and including the Delta particle. Us-
ing these results we obtain the leading hadronic contributions to the Wilson coefficients of the
lepton-proton four fermion operators in NRQED. The spin-independent coefficient yields a pure
prediction for the two-photon exchange contribution to the muonic hydrogen Lamb shift, which
is the main source of uncertainty in our computation. The use of EFTs crucially helps us orga-
nizing the computation, in such a way that we can clearly address the parametric accuracy of
our result. Furthermore, we review in the context of NRQED all the contributions to the energy
shift of order a®, as well as those that scale like a%xlogarithms. With our final determination of
the Lamb shift, we obtain the proton charge radius in a model independent way. The value we
obtain is 6.80 away from the CODATA value.

In the second part of this thesis, we determine the 1/m and 1/m? spin-independent heavy
quarkonium potentials in the unequal mass case with O(a?) and O(a?) accuracy, respectively. We
discuss in detail different methods to calculate such potentials, and explicitly show the equivalence
among them. In particular we obtain, for the first time, the manifestly gauge invariant 1/m and
1/m? potentials in terms of Wilson loops with next-to-leading order (NLO) precision. As an
application of our results we derive the theoretical expression for the B, spectrum in the weak-
coupling limit to N3LO.

leading O(m o
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Introduction

The Standard Model of particle physics found experimental completion in 2012 with the discovery
of the Higgs boson at the Large Hadron Collider (LHC). This spectacularly successful theory,
based entirely on gauge and local space-time symmetries, describes most of the physical processes
taking place in our universe, between the tiniest Planck length and the vastness of our observable
cosmos. Nevertheless, it has some limitations. In this dissertation we focus on those shortcomings
related to the description of the strong interactions among quarks and gluons, i.e. quantum
chromodynamics (QCD).

The existence of quarks was predicted theoretically by Gell-Mann and Zweig in 1964 [1,[2]
and confirmed experimentally at SLAC in 1968. QCD was definitely established in 1973 after the
discovery of asymptotic freedom by Gross and Wilczek [3], and by Politzer [4] in the same year.
The dynamics of quarks and gluons is described by the QCD Lagrangian. In the massless quark
and classical limit this Lagrangian is scale invariant, and so its interactions are only dictated by
the dimensionless parameter ag, the strong coupling constant. This conformal symmetry of the
classical theory is anomalously broken upon quantization, thereby setting up a mass scale, namely
Aqcp- In other words, at the quantum level the dimensionless coupling constant runs with the
energy, being Aqcp the renormalization group scale at which the coupling constant diverges.
Such a trade of a coupling constant by a mass scale is known as dimensional transmutation.
The strong coupling constant, unlike the electromagnetic one, decreases as the energy increases.
This means that particles which interact weakly at very high energies, do so very strongly at low
energies. As a result, on the one hand, in the high energy regime the theory is fully described
perturbatively, leading to very successful and accurate predictions. On the other hand, the
theory is non-perturbative at low energies, and so the challenging need for appropriate methods
and models to describe physical processes arises. The physics that at high energies is described
by quarks and gluons, is described by hadrons at low energies. This implies that in the transition
a process of confinement must occuIEI and, as a result, no single quark or gluon can be directly
observed in Nature. In fact, we can only find them bounded in hadrons: baryons, such as the
proton, and mesons.

In order to overcome these limitations different approaches have been developed. On the
computational side, lattice gauge theory has proven to be an extremely useful tool to determine
some of the QCD parameters and observables, having provided estimates for quark masses, decay
widths, or even the strong coupling constant among others. In fact, the realm of applicability
of lattice theories is far larger than QCD, being useful in the description of any generic gauge
theory. On the analytical side, great success has been achieved by developing effective field
theories (EFTSs) that are specifically dedicated to describing an interval of the energy range

"However, confinement has not yet been analytically proven. This is the challenge of the problem “Yang-Mills
existence and mass gap”. Solving it will earn the fortunate researcher one of the Millennium prizes.
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in which a particular dynamics of the strong sector dominates. Well-known and very relevant
examples of these theories are chiral perturbation theory (ChPT) [5,/6], heavy baryon effective
theory (HBET) [7,8], heavy baryon effective theory in the large- N, limit [9], heavy quark effective
theory (HQET) [10-13], non-relativistic QCD (NRQCD) [14] or potential NRQCD (pNRQCD)
[15]. Throughout this work we make an extensive use of the EFT framework in order to describe
the physics of non-relativistic (NR) bound states. Let us now briefly introduce the two physical
systems under study in this dissertation: hydrogen-like atoms and heavy quarkonia.

The existence of baryons was established in the beginning of the 20th Century (long before
the discovery of QCD) with the discovery of the proton by Rutherford. The proton is the most
stable baryon in the Universe (7, > 103* years), and it is essential to the existence of the world as
we know it, being the main constituent of visible matter. Due to its composite nature, one of the
principal features characterising the proton is its size. The interaction of protons and electrons
has been primal to measure the proton charge radius. It was first measured by Hofstadter
and collaborators in the 1950s via elastic electron scattering [16]. Most recently the electron
scattering experiment in Mainz measured a new set of data points at low momentum [17]. The
CODATA 2010 value for the proton radius [18] is based both on ep-scattering measurements and
determinations from hydrogen spectroscopy. Hydrogen arises from the bound state of a proton
and an electron and it is the most abundant element in the universe, making up 75% of normal
matter. It is essential to the existence of life. Without hydrogen the Sun would not give us heat
or light, and water, crucial to any kind living system, would not exist. The spectroscopy lines
of hydrogen were discovered by Lyman in 1906 [19] and during the last century a large number
of the hydrogen spectral transitions have been measured in different experiments all around the
world. Similar hydrogen-like bound states, such as muonic hydrogen are the perfect place to
obtain precise measurements of hadronic effects. This is so because the probability of a lepton
being within the size of the proton grows cubically with the mass, i.e. heavier leptons are more
susceptible to finite size effects. In 2010, for the first time, the muonic hydrogen Lamb shift was
measured at PSI [20]. In particular, they measured the Lamb shift (the 2S-2P transition), which
allows for a precise determination of the value of the proton radius. Surprisingly for the scientific
community, this measurement is ~ 7o away from the CODATA value. This puzzle is one of the
main reasons driving us to study the model independent prediction of the proton radius that the
implementation of an EFT framework provides.

Heavy quarkonium physics found its first experimental evidence when in 1974 the very nar-
row resonance J/W¥ (charmonium) was first measured simultaneously at SLAC and Brookhaven
National Laboratory [21,22]. It was concluded that this resonance was a bound state of a quark
much heavier than any other known at the moment: it was the discovery of the charm quark.
A few years later, in 1977 the T resonance (bottomium) was found in Fermilab [23], leading to
the discovery of the bottom quark. It took perseverance to finally discover the long expected
partner of the bottom quark, the top quark, which was first measured 18 years later, in 1995,
at Fermilab [24]. The main differential characteristic of the top quark is the impossibility to
create toponium states. This is due to the top quark’s fast decay rate, mediated by the weak
interactions. Ever since the beginning of these discoveries, there have been extensive investiga-
tions and further discoveries of heavy quarkonium states. On the experimental side, quarkonium
factories have been able to measure several types of spectra and decays. Among the most rel-
evant experiments are BaBar at SLAC, Belle at KEK, CLEO-III and CLEO-c at CESR, CDF
and DAY at Fermilab, and BESII and BESIII at IHEP, and LHC at CERN (in the short term
future, the PANDA experiment at FAIR will use proton-antiproton collisions to study the strong
interaction). These experiments have measured different states of charmonium and bottomium
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but also other mesons such as B-mesons (among which the B, is an example of heavy quarko-
nium with different heavy masses) or D-mesons, and even more exotic states such as the X(3872).
There is room for a lot of theoretical improvements in this area (current reviews on the matter
can be found in Refs. [25-27]), and this dissertation constitutes a significant contribution in this
direction.

In the first part of this work, we study those systems composed by a lepton and a proton
which are weakly bounded by the electromagnetic force, such as hydrogen and specially muonic
hydrogen. Hadronic information is encoded in the interaction of the baryon and the lepton it is
bounded to, when one takes into account the effects of the hadron’s finite size. Therefore, they
are a good place to learn about the physics inside hadrons upon comparison with experimental
measurements. The physics of systems composed by a heavy quark and a heavy antiquark
with different masses weakly bounded by QCD, i.e. heavy quarkonium, comprises the second
part of this dissertation. Its description in terms of EFTs is a powerful tool to perform QCD
computations, which allows us to obtain important information on observables such as heavy
quark masses, the strong coupling constant, etc. These determinations help us overcome our
limitations in dealing with low energy QCD. The two systems at hand are in fact very similar in
their EFT description. In both cases, an expansion in the inverse of the masses of the heavy quarks
and their coupling constant a/ag is a good perturbative approach, therefore allowing for a well-
defined theoretical description of the system. The main difference between the two is the different
gauge symmetry structures of their interactions: U(1) in quantum electrodynamics (QED) vs.
SU(3) in QCD. However, by explicitly keeping track of the Casimir coefficients of the non-Abelian
theory (QCD) in the computations, one can easily recover the Abelian case (QED) for point-like
particles. Besides, hadronic corrections that arise in the QED case when coping with the finite
size baryons do not happen in QCD. This mismatching arises from the different nature of the
theories at scales of the order of the heavy masses i.e. HBET vs. QCD.

Effective field theories for baryons

The development of quantum field theories for baryons at low energies is closely related to the
chiral symmetry that the QCD Lagrangian exhibits when the three lightest flavors of quarks (up,
down and strange) are considered in the massless limit. Since the actual mass of these quarks is
much smaller than Agcp, this allows for a good expansion parameter and, thus, a perturbative
theory. In this energy range (below 1 GeV) the heavy quark flavors (bottom, charm and top)
play no significant role due to their large masses. Therefore, the chiral QCD Lagrangian exhibits
an approximate SU(3)r, x SU(3)r X U(1)r4+r chiral symmetry which is spontaneously broken to a
SU3)r+r x U(1)Lyr vector symmetry (flavor symmetry). The effects of the symmetry breaking
become important at energies below Aqcp, which is where hadrons become the appropriate
degrees of freedom. Associated with the spontaneously broken generators of the chiral symmetry,
eight Goldstone bosons arise, which in the case at hand are the octet of the lowest pseudoscalar
mesons: the three pions, the four kaons and the eta. However, we know for a fact that these quarks
and mesons are not actually massless. In fact, the chiral symmetries are explicitly broken, e.g.
due to non-zero quark masses, and consequently, masses for the Goldstone bosons are generated.

This rationale gives rise to an effective Lagrangian at tree level that describes the physics of
mesons and baryons at low energies. It was in 1979 that, for the first time, Weinberg took this
Lagrangian beyond the tree level [5], which can be naturally done as long as the energy of the



process is smaller than the chiral breaking scale (~ Aqcp). This provides a power counting for
the chiral Lagrangian in powers of £/Aqcp. Shortly after, in the 1980’s a systematic study of the
Lagrangian beyond tree level was performed by Gasser and Leutwyler [6], extending it to SU(3)
and expressing it in terms of the Goldstone matrix field containing the octet of pseudoscalars.
This is known today as ChPT and it is organised as an expansion in the derivatives of the fields
p, i.e. it is equipped with a well-defined power counting.

Much as baryons were known long before quarks, historically its description in terms of
fields has been problematic. The main reason for this is that their mass is comparable to the
hadronisation scale Aqcp (in the case of nucleons my ~ 1GeV), reaching the limit where the
chiral expansion ceases to be valid. This fact gives rise to the question of whether their physics
can be described in a perturbative manner. The introduction of baryons in the chiral Lagrangian
was proposed by Weinberg in 1968 [28|. However, power counting rules remained problematic
until the inclusion of the heavy mass methods, which overcome the issue by going to the NR
limit. This idea was first carried out for the pion-nucleon sector in the 1990’s by Jenkins and
Manohar in |7] and by Bernard et al. [§], and has since then been extensively developed in what
is today known as heavy baryon chiral perturbation theory (HBChPT)E] This theory provides
a consistent power counting in terms of the small velocity of the heavy baryon hence allowing
for extensive calculations. A concern that remains, however, is that of finding the appropriate
way of handling the baryon resonances. In general, these states are heavier than the nucleon,
and so their contribution could be included simply by integrating them out from the Lagrangian,
in such a way that their effect would be subleading. A different approach, though, should be
adopted with the Delta particle (A(1232)), which is only ~300 MeV away from the nucleon mass
and couples strongly to the pion-nucleon sector. On top of this, an outcome of applying large-N,
rationale to baryons, is that the proton and the Delta particle become degenerate in mass. Even
though for N, = 3 the 1/N, expansion is not optimal, the former argument may signal that
the Delta particle represents the largest resonant contribution and thus should be taken into
account. A HBET Lagrangian that includes the interaction of pions, the proton, and the Delta
was developed by Jenkins and Manohar in 1991 [29] and by Hemmert et al. [30] in 1996 in a
chiral context (see also [31]). It was studied within a large- N, ideology by Dashen and Manohar
in 1993 [32]. In this work we make use of these EFTs.

Effective field theories for NR bound states

A NR bound state is a system where a particle is subject to a potential in such a way that it has a
tendency to remain (in time) quasi-localised (in space). The interaction of the potential happens
an infinite number of times, which in fact is what causes the system to be bounded. In this way,
the physics describing the bound state is clearly non-perturbative, as it requires summing up an
infinite series. This is compactly achieved by solving exactly the Schrédinger equation for a given
potential. However, through the application of EFT mechanisms, we can find the potential up
to some order in the velocity expansion and safely assume that the rest of the contribution will
be small. Here we will give some details on how this approach is taken. Both (muonic) hydrogen
and heavy quarkonium systems admit a description in terms of EFTs for NR bound states.

In a classical system interacting through electromagnetism, the potential giving rise to the
bound state is the well-known Coulomb potential. Upon quantization, electromagnetism becomes

2In fact, the name HBET is sometimes used to refer to HBChPT. We will use them indistinctly throughout
this text.



the well-known QED. However, incorporating quantum effects to the Coulomb potential is not
straightforward. The first attempt to address this issue was the Bethe-Salpeter equation [33],
presented in 1951. This equation describes bound states of a two-body quantum field system in a
relativistically covariant formalism. However, it turned out that the equation cannot be exactly
solved in a general case, and in the cases where the solution can be exactly found, it turned
out to be problematic [34]. In other words, provided it can be achieved, solving this equation
for a physical system requires considerable effort. It consequently fails to provide a systematic
approach to the bound state problem. This motivated extensive effort of the community to bypass
this difficulty. The answer laid, once again, in the application of EFTs to take away the irrelevant
information hence simplifying the treatment of the relevant one.

The main point to consider is that the heavy constituents in a bound state barely move
with respect to each other, and thus are naturally NR systems. The problem was then how
to incorporate the relativistic quantum corrections into this NR system. It was in 1986 that a
NR effective Lagrangian was first proposed by Caswell and Lepage [14]. This theory is today
known as non-relativistic QED (NRQED)/NRQCD. The success of this approach lays on its
improvement on the computational side, where, having disposed of the irrelevant information,
the effort needed to describe the system is heavily reduced.

Let us now explain the different approaches taken to describe the physics of a bound state,
depending on the characteristics of the system. First, we consider the case where the bound state
has one heavy (my,) and one light constituents (m;). In terms of the scales of the system, we may
regard the heavy fermion as a static source with the energy scale hierarchy my, > my, |pi|, Ei,
where |p;| and E; are the momentum and energy of the light fermion respectively. The light
fermion is still a relativistic degree of freedom, fulfilling the linear dispersion relation and therefore
E; ~ |pi|. Moreover, the typical energy and momentum transferred within the bound state will
be of the same order as those of the light fermion, E' ~ |p| ~ E; ~ |p;|, as this is the scale
of the energy/momentum exchange between the heavy and the light fermions. In other words,
the momentum of the heavy particle (at the lowest order) can be split into a large component
proportional to its mass and a small component, i.e. p* = mo* + k* where k> < m?. This
consideration leads to the aforementioned leading order HBET/HQET Lagrangians. This is
the appropriate approach to describe systems such as the D-mesons. Moreover, we have that
E ~ |p| ~ Aqcp and therefore the counting in HQET is provided by one single scale Aqcp. In the
case of QED, we could apply it to systems with atomic number Z big enough such that Za ~ 1.
Then any number of eTe™ pairs could be created, giving rise to non-perturbative physics, similar
to the case of the D-meson.

Now let us move on to the case where we have two heavy fermions of masses m; and ms
in the bound state. The physics of this system is more complicated as well as more interesting,
since it allows for different scale configurations. It is in this case in which this work is focused.
The NR nature of this situation is described by the relation

m1 ~ my > |p| > E. (1)

This correspondence establishes the scale hierarchy which allows for the use of EFTs in all their
glory. We can successively integrate out the higher scales obtaining an EFT for each energy
range.

The largest scale is known as the hard scale and it is set by the masses of the heavy fermions,
as well as by the reduced and total masses of the bound state, which read

mim
m, = 1772 M =mi + mo, (2)

bl
mi + mo



respectively. This scale plays no dynamical role in the EFT and therefore it is integrated out. It
appears only through fluctuations, i.e. an expansion in the inverse of the mass can be carried out.
However, it does have a role in the power counting since momentum and energy depend on the
reduced mass m,.. Corrections due to the hard scale are encoded in the Wilson coefficients. The
soft scale is set by the typical momentum of the bound state p ~ m,v. Finally, the ultrasoft
scale is given by the typical binding energy in the bound state E ~ m,v?. The already established
fact that the velocity v is small yields a wide separation among these three scales, as well as it
provides a good expansion parameter.

In the case of QED, the only expansion parameter that we have is the fine-structure cou-
pling constant «, which is of the order of the velocity v ~ «. Therefore, it can be success-
fully approached perturbatively, and an expansion in terms of the coupling constant and the
inverse of the mass is carried out. Within these systems, depending on the relation among the
masses, we can distinguish two cases. We may contemplate the case where the masses are sim-
ilar m1 ~ mo ~ m, such as in positronium and dimuonium, but also the case where they are
different in size, m1 > mo ~ m,., but still both particles are considered NR. This is the case of
hydrogen and also muonic hydrogen, to which we devote the first part of this thesis. In these
systems, keeping the full dependence on the masses allows for an increase in the precision of the
computations. As a first approximation these systems can be regarded as a quasi-static source
interacting with a NR particle.

When we are dealing with QED-like bound states, the system can be completely described
in terms of the scale m,a"™. However, when the system is bounded by QCD, in addition to the
equivalent scale m,.a?(v), we have to consider the scale of Aqcp ~ ve™ 2™/ (Foas () Tn order to stay
in the NR limit, only the relation m, > Aqcp needs to hold. However energy/momentum can
relate differently to Aqcp. Note that configurations where Aqcp is a large scale will be controlled
by non-perturbative physics and the EFT will not provide important predictions. However, we
will focus on states where this is not the case and the non-perturbative physics is negligible or
encoded in small corrections. In this case the EFT may give important information about the
size and characteristics of these corrections, making this an ideal system in which to study QCD.

Now let us examine the case where |p| > E ~ Aqcp. This case can still be considered
as mainly perturbative and non-perturbative effects will be regarded as corrections. However,
due to our little understanding, these corrections need some modelling. They are non-local and
therefore difficult to assess. We will not further study this interesting field in this thesis.

Finally, we can also consider the case where |p| > E > Aqcp. i.e. the weak coupling regime.
In this case the strong coupling constant will be small, as it has to be taken at scales larger
than Aqcp, and therefore, it can be compared to the velocity, s ~ v. This provides a good
perturbative approach, at least for the lowest levels of the spectrum since the momentum and
energy can be parametrized as

S pm 3

|p’Nmrna NmrnQ- ()

In this case we can obtain in a perturbative fashion precise determinations of the heavy quark

masses and the strong coupling constant. Non-perturbative corrections in this case would be in
the form of local condensates, and are beyond the accuracy we consider.

Once the dynamical situation of the system is established we shall proceed to finding the
most suitable EFT to describe our bound states. In fact, we are most interested in determining
the potential, which will allow us to obtain the bound state by solving the Schrédinger equation.
For states involving QCD we focus on the more general case where m,v > Aqcp.
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We start from a theory containing the physics at all scales, in particular up to the hard scale:
this would be QED/QCD (for finite size hadronic effects in QED-like systems we will instead
consider this theory to be HBET). Since the chief energy range characterising the system is much
smaller than the hard and soft scales, we may integrate them out. By means of this procedure
the effects of large scales are encoded in higher order terms in the Lagrangian and the Wilson
coefficients. When we integrate out the hard scale we obtain the theory of NRQED/NRQCD.
The Lagrangian is obtained as an expansion in the (inverse of the) masses, as well as in the small
coupling constant. The Wilson coefficients are determined via a matching procedure between
these theories and QED/QCD. As we already mentioned, the power counting in this theory is
fully controlled by the small parameter v. Not only all the symmetries of the full theory are
inherited by the effective Lagrangian, new ones can arise in the low energy theory. The latter is
the case of the spin symmetry of the NRQED/NRQCD Lagrangian. An example of the former
is the inherited non-linearly realized Poincaré/reparametrization invariance.

At this point, however, there are still terms in the Lagrangian where different scales are mixed,
therefore complicating the determination of a well-defined potential. This is solved by integrating
out the soft scale which in fact is the natural thing to do in the systems we are discussing. We
are then left with an EFT for ultrasoft photons/gluons known as potential-NRQED/NRQCD
(pPNRQED/pNRQCD). This effective Lagrangian was first presented by Pineda and Soto [15] in
1998. Since then it has been established as the most suitable theory to perform computations
in bound states both for QED and QCD. The Lagrangian in this theory can be written in
terms of a Schrodinger-like potential plus a term for the interactions of ultrasoft photons. The
potential is written as an expansion in inverse powers of the mass and the coupling constant,
rendering an explicit power counting. As commonly done in the literature, throughout this text
we will frequently refer to the different (well-defined) terms at different orders in the 1/m or
v expansion of the potential as the “potentials” We shall distinguish between two kinds of
pNRQCD. When we are working at energies such that mv? ~ Aqcp, then we talk about weakly
coupled pNRQCD, and the matching to NRQCD can be performed perturbatively. The other
case arises when mv ~ Aqcp, then we refer to strongly coupled pNRQCD, and the matching is
to be carried out non-perturbatively (as now the soft scale is already non-perturbative). In this
work we will focus in weakly coupled pNRQCD. Note that this is not a problem for potential
NRQED (pNRQED), where the matching to NRQED is always carried out perturbatively.

In the weak-coupling limit, the EFT can be summarized schematically by

(0 — £ = VO(r)) ¢(r) =0
+ corrections to the potential pNRQCD/pNRQED.  (4)
+ interaction with other low-energy degrees of freedom

The matching of pNRQCD to NRQCD is performed by equating Green functions, which in prac-
tice may be done in several ways, producing different potentials for different matching schemes
(which will nevertheless yield the same physical results). We will further extend on this in the
second part of this thesis. Some remarks, however, are to be noted in advance. The matching is
always performed by equating Green functions. However we will use three different kinds of Green
functions: truncated on-shell Green functions (i.e. S-matrix elements) for the on-shell matching
scheme, truncated off-shell Green functions for the off-shell matching scheme and off-shell gauge
independent Green functions for the matching with Wilson loops. The latter scheme is of spe-
cial interest to us. A Wilson loop is defined as a gauge-invariant observable obtained from the
holonomy of the gauge connection around a given loop. Formulae for the different potentials in

9



terms of Wilson loops have been known for a long time. It was used for the first time to describe
the static potential between quarks by in 1977 [35], in the context of lattice gauge theory. This
formula has been established as the way to compute this potential, which has been done now up
to three loops Refs. [36-41]. The formulation was then translated to the language of pNRQCD in
2000 by Brambilla, Pineda, Soto and Vairo [42}/43], who computed the formula for the 1/m and
then 1/m? potentials. The most interesting feature of these formulae is that they are valid both
in the perturbative regime at short distances and the non-perturbative regime at long distances.
We devote a considerable fragment of the second part of the thesis to extend on how to perform
this computation in the perturbative regime.

In summary, this thesis is divided into two main parts. In Part [[I, we focus on the study
the muonic hydrogen system, and, in particular, on the hadronic contributions to the Lamb shift
coming from the two photon exchange (TPE). Gathering the results of our investigation we are

able to theoretically compute the n=2 Lamb shift with accuracy (’)(mua6 In a,muoﬁ%z), and
upon comparison with its experimental value, we determine the value of the proton racfius. In
Part [[TI, we concentrate on the analysis of heavy quarkonium systems with different masses.
We compute the next-to-next-to-next-to-leading order (N3*LO) potential with different matching
schemes and find the relation among them. We use our results to compute the B, spectrum up
to O(m,a?). We devote Part to providing a summary and some final remarks on the work
carried out and future related lines of research.
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Part 11

Muonic hydrogen
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Chapter 1

Introduction

In the first part of this thesis we focus on the development of the abelian effective theory pNRQED
applied to (muonic) hydrogen. We will use it to comprehensively analyse the theoretical prediction
of the Lamb shift in muonic hydrogen, and the associated determination of the proton radius.
The use of EFTs allows us to relate the proton radius with well-defined objects in quantum field
theory, eliminating unnecessary model dependence. We obtain the potentials that allow us to
find an expression for the muonic hydrogen Lamb shift that includes the leading logarithmic

2
O(m,a®) terms, as well as the leading O(m,a” %) hadronic effects. This part of the thesis is
based in the work published in Refs. [44-46] by the author.

The Lamb shift in muonic hydrogen has been measured at PSI, Refs. [20,|47], obtaining
E(2Py)5) — E(25))3) = AEP = 202.3706(23) meV.. (1.1)

By comparing this measurement to its theoretical prediction, the proton radius (more precisely,
the root mean square of the electric proton radius), was determined: r, = \/@ = 0.84087(39)
fm. This result has led to a lot of controversy as it is 7.1c away from the 2012 CODATA value,
rp = 0.8775(51) fm, Ref. [18] (see Refs. [48l/49] for reviews on the proton radius puzzle). The latter
value is an average of determinations coming from hydrogen spectroscopy and electron-proton
scatteringﬂ

In order to assess the significance of the discrepancy, it is of fundamental importance to
perform the computation of the Lamb shift in muonic hydrogen (in particular of its errors) in a
model independent way.

In this respect, the use of EFTs is specially useful. They help organizing the computation by
providing power counting rules that assess the importance of the different contributions. This
becomes increasingly necessary as higher order effects are included. Even more important, these
power counting rules allow to parametrically control the size of the higher order non-computed
terms and, thus, give a reliable and model-independent estimate of the error (which is of the size
of such terms).

The EFT approach is specially convenient in the case of NR bound states where the relevant
scales are naturally well-separated. They are: the hard scale or reduced mass (m,), the soft

!The determination from ep scattering data, however, has been challenged in Refs. [50L/51], and its exclusion
would certainly diminish this tension. Further experiments and theoretical analyses of the ep scattering are being
carried out in order to clarify this issue. See Refs. [52-56].
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Chapter 1. Introduction

scale or typical momentum (p ~ m,v ~ m,a) and the ultrasoft scale or typical binding energy
(E ~ mmv? ~ m,a?), where v(~ ) is the typical velocity of the particles in the bound state.
This allows us to systematically integrate out the large scales until we find an EFT suitable for
the setting of our problem.

In the case of muonic hydrogen the EFT organization is specially useful, as its dynamics is
characterized by several scales:

mumy

—, My~ Me.
myp 4+ my

My ~ My, My ~ Mg ~ My =

By considering ratios between them, the main expansion parameters are obtained:

My my Me mea My 1
—_—Y —_—Y ~Y ~Y

(1.2)

~

1
b Qs — .
My My 9" m, my My 137

In our approach we combine the use of HBET, Refs. [7,8], NRQED, Ref. [14] and, specially,
pNRQED, Refs. [15,/57,[58]. Partial results following this approach can be found in Refs. [59-62],
and the complete results are presented in [44-46].

Since pNRQED describes degrees of freedom with E ~ m,a?, any other degree of freedom
with larger energy is integrated out. This implies treating the proton and muon in a NR fashion
and integrating out pions and Delta particles. This is the step of going from HBChPT to NRQED.
By integrating out the scale m o, pPNRQED is obtained and the potentials appear. Schematically
the path followed is (A = ma —mp):

(max )

7A m,o
HBChPT 4% NRQED ™22 pNRQED .

Following this program, we start by setting the Lagrangians of the EFTs of our interest:
HBChPT, NRQED and pNRQED in Chapter By exploiting the symmetries of our system,
we determine these Lagrangians that will produce contributions to the computation up to the
order of our interest. The Wilson coefficients in the HBChPT Lagrangian are typically fixed
by comparison to experimental data. In particular, those corresponding to the lowest order
Lagrangian and of which we make use in our computation (Fr, g4, g-na and bir) are already
well-known. For the point-like NRQED Lagrangian, we are able to compute all of its Wilson
coefficients analytically in terms of the parameters of the higher energy theory QED and the
matching energy scale. This is so because we have full control on the behavior of the full theory
(QED) at all energies. Therefore the challenge lays in the computation of the hadronic part of
these Wilson coefficients.

In Chapter [3] a detailed explanation of the matching computation between HBChPT and
NRQED is given. The hadronic contribution to the Lamb shift in muonic hydrogen is obtained
through this matching procedure. It includes the contribution of the TPE, which is of utmost
interest to us as it corresponds to the main source of uncertainty in our computation. The
computation of the TPE needs of the determination of the forward virtual Compton tensor
(FVCT). The spin-dependent and spin-independent structure functions of the FVCT of the
proton, TH, carry important information about the QCD dynamics. They test the Euclidean
region of the theory since Q? = —¢? > 0. For Q% ~ m2 # 0, the behavior of T* is determined
by the chiral theory, and can be obtained within a chiral expansion using HBChPT. If one
works within a large-N, ideology (where N, is the number of colours) the Delta particle should

be incorporated in the HBET Lagrangian, Ref. [32] (see also Refs. [30,31]). This produces a
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double expansion in ~ my/m, and ~ A/m,. Note that this creates a new expansion parameter
my/A ~ 1/2, and therefore the associated corrections will be incorporated in our computation
together with the pure chiral result.

Within this framework we compute the spin-dependent and spin-independent structure func-
tions of the FVCT of the proton to O(p?) in HBChPT including the Delta particle. The tensor
TH cannot be directly related to cross sections obtained at fixed energies, as it tests the Euclidean
regime. Nevertheless, it is possible to obtain it (up to eventual subtractions) from experiment
through dispersion relations, i.e., through specifically weighted averages of measured cross sec-
tions over all energies. Possible constructions are the so-called generalized sum rules, which, for
large energies, can be related with the deep inelastic sum rules. These have been studied in
Ref. |63] for the spin-dependent case and briefly discussed in Ref. [61] for the spin-independent
case. This constitutes an interesting new line of research, since we could use the results of our
study to develop generalized sum rules for the spin-independent part of T#” analogous to those
obtained in Ref. [63] for the spin-dependent part.

The tensor T* appears in the matching computation between HBChPT and NRQED that
determines cgli and cﬁ'li (I; = e or u), the Wilson coefficients of the lepton-proton four-fermion
operators in the NRQED Lagrangian. At the scales at which we perform the matching, TH
is fixed by its chiral structure. This is our main motivation for its computation. As soon as
hadronic effects start to become important in atomic physics, the Wilson coefficients cgl" and
cili play a major role. They appear in the hyperfine splitting (spin-dependent) and Lamb shift
(spin-independent) in hydrogen and muonic hydrogen (see Refs. [44-46}59-61]). Therefore, their
determination allows us to relate the energy shifts obtained in hydrogen and muonic hydrogen.
Even more important, these Wilson coefficients are often responsible for most of the theoretical
uncertainty in these splittings, as happens for the Lamb shift in muonic hydrogen. The necessity
to improve our knowledge of the (spin-independent) lepton-proton four-fermion Wilson coefficient
has led us to compute this quantity in HBChPT including the Delta particle. Fortunately enough,
this object is chiral enhanced. Therefore, the O(p?®) chiral computation yields a pure prediction
(without the need of new counterterms) of JEr tpg, the (hadronic) TPE contribution to the
muonic hydrogen Lamb shift: AFEy, = E(2P3)5) — E(25/). Note that, since m,/mz ~ 1, we
keep the complete m,/m, dependence in such predictions.

We profit this analysis to revisit the distinction between Born and non-Born terms of T and
dEr tpE. Such distinction is translated into the so-called Born (or Zemach) and polarizability
corrections to the Wilson coefficients (names also used for the associated contributions to the
energy shifts: hyperfine or Lamb shift). For the spin-independent case we have a good analytic
control and can also compute the charge moments, ("), and the Zemach, <r">(2), moments, for
n > 3, since they are dominated by the chiral theory. The polarizability correction of AFErpg
is also usually split into the so-called inelastic and subtraction terms. We will also discuss what
HBChPT has to say in this respect.

In Chapter [4] we give the details of the matching of NRQED to pNRQED. In this way, all the
information associated to scales higher than the ultrasoft scale that will allow us to compute the
spectrum, is encoded in potentials. Hence we need to find all the potentials that contribute to
the order of interest. Our main goal is the reorganization of all the contributions within the EFT
framework, since most of these computations were previously known. However, we add some
new analytical information to some of the potentials. We compute the relativistic corrections
in dimensional regularization and we express them in terms of the NRQED Wilson coefficients,
which contain information of higher order effects. On top of this, we have made some effort to
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Chapter 1. Introduction

present the result assuming an arbitrary charge for the muon and proton, so that the results can
be of use in a more general situation, in particular for other muonic atoms. The expressions of
the potentials we found would be equal for light muonic atoms after appropriately eliminating
the effects of the hadronic scales from the NRQED Wilson coefficients. We also expect that the
analysis presented here will set the basis for higher order computations using EFTs.

In Chapter [5] we compute the energy shifts that the pNRQED potentials and the ultrasoft

photons yield. Gathering these results together we compute the n = 2 Lamb shift with accu-
2

racy (Q(mM()z6 Ina, mua5m—g‘). This allow us, by comparing to the experimental measurement in
m

P
Eq. (1.1]), to obtain a model independent prediction of the proton radius. On top of this, the
parametric control of the uncertainties allows us to obtain a model independent estimate of the
error, which is dominated by hadronic effects.
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Chapter 2

Effective field theories

In this chapter, we will present the main building blocks of the HBET, NRQED and pNRQED
Lagrangians needed for our analysis.

2.1 HBET

Our starting point is the SU(2) version of HBET coupled to leptons where the Delta particle
is kept as an explicit degree of freedom. The degrees of freedom of this theory are the proton,
neutron and Delta, for which the NR approximation can be taken, and pions, leptons (muons
and electrons) and photons, which will be taken relativistic. This theory has a cut-off p < m,,
m,, which is much larger than any other scale in the problem. The Lagrangian can be split in
several sectors. Nevertheless, the fact that some particles will only enter through loops, since
only some specific final states are wanted, simplifies the problem. The Lagrangian can be written
as an expansion in e and 1/m, and can be structured as follows

Luper =Ly + L1+ L+ Lix + Livay + Livay + Livayr + Lv A (2.1)

representing the different sectors of the theory. In particular, the A stands for the Delta particle:
the spin 3/2 baryon multiplet (we also use A = ma — m,, the specific meaning in each case
should be clear from the context).

The photonic HBET Lagrangian reads (the first corrections to this expression scale like
2 /04
o /mp)

1 v d2 R d(QT) 2 v
‘C'Y:_ZFM FNV+ mié‘{‘ﬁ F,u,I/D FM 3 (22)
P T

where dy i stands for the hadronic contribution.

The leptonic sector can be approximated to (iD, =0, —eA,)
i

where [; = e, u.
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Chapter 2. Effective field theories

The Lagrangian of a heavy baryon at O(1/ mz) coupled to electromagnetism reads

D2 D4 C(P)
= NI{iD p P _ e 5.B 2.4
Ly » {Z o+ om, + 8m3 €2mp o (2.4)

(p) (p)

C . C
—e&%[V-E]—zeggﬁ)a-(DpxE—ExDp)}Np,

where iDg = i0y + ZpeAY, iD, =iV — ZyeA. For the proton Z, = 1 (for the neutron all indices
p — n and Z, = 0).

The hadronic interactions are organized according to their chiral counting. Since a single
chiral loop already produces a factor 1/(47Fp)? ~ 1 /m}%7 we only need the free-particle pionic
Lagrangian:

Lr= {(6M - ieA“)W"'} [(0" +ieA")n™] —mirTr™ + %(3N7T0)(8p’71’0) — %miwoﬂo . (2.5)

We need not account for pion self-interactions, and the pion-baryon interactions are only needed
at O(my), which is the leading order and reads (Refs. [64}65]):

Lnay=N(iv-T+gau-S)N —TH(iv - D — A6)Tp + gana (T(waN + h.c.) ,  (2.6)

where T} stands for the Rarita-Schwinger spin 3/2 field, IV for the nucleon 1/2 isospin multiplet
and S, = §750,,v" is the spin operator (where we will take v, = (1,0)).

The only relevant 1/m,, interaction mixing the Delta and the nucleon in our case is the p-AT-y
term reading

7/bl,F' 'R 1 14 a
o (TysVQTr[ VAN 4 h.c.) . (2.7)

Lina)y =

The previous equations make use of the definitions:

D = (9, 6 +TH),

Ly =T,6" - 56” Tr(r"T ],
1 ) i

r,= 5 [uT,ﬁﬂu] - QUT(V“ +a,)u— §u(vu —a,)ul,

f/i — uTFﬁu + uFLﬁjuT =7l f:it;w ,

FX =0,FX —9,FX —i [FfFﬂ - X=L,R,

Ff:vu+au, F#L = v,—ay,,

ufj = uuéij — ieijkwﬁ,
1

wi = §T7“ [Tiuu} =—

1

€ 3b_b
F—ﬂa,m“ — F—ﬂAuea ™4

Uy = z'uTVHUuT,
VU =08,U —iFU +iUF,,

U=u?=exp (;% : %) , (2.8)

™
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2.2. NRQED(up)

where v, a,, denote external vector, axial-vector fields and are the only external sources possible
at this order.

The baryon-lepton Lagrangian provides new terms that are not usually considered in HBET.
The relevant term in our case is the interaction between the leptons and the nucleons (actually
only the proton):

1 - _ 1 Lo
Lovan = 3 2 AN Ny lnoli + —5 >° A Ny 15Ny ligsls (2.9)
P 4 P g

The above matching coefficients fulfil cgli—_{ = chp and cifﬁ = cj g up to terms suppressed by
my, /my, which will be sufficient for our purposes.

Let us note that with the conventions above, NNV, is the field of the proton (understood as a
particle) with positive charge if I; represents the leptons (understood as particles) with negative
charge.

This finishes all the needed terms for the computation of the Lamb shift up to the order of
our interest, since the other sectors of the Lagrangian would give subleading contributions.

2.2 NRQED(up)

In the muon-proton sector, by integrating out the m, ~ m, and A scales, an EFT for muons,
protons and photons appears. In principle, we should also consider neutrons but they play no
role at the precision we aim. The effective theory corresponds to a hard cut-off v <« m, and
therefore pions and Deltas have been integrated out. The Lagrangian is equal to the previous
case but with neither pions nor Deltas, and with the following modifications: £; — L. + E&NR)
and Ly ay — Lne + ES\I,\T ), where it is made explicit that the the muon has become NR. Any
further difference goes into the Wilson coefficients, in particular, into the Wilson coefficients of
the baryon-lepton operators.

The effective Lagrangian reads

LNRQED () = Ly + Lo+ LTV + Ly + Lyve + Eﬁ?) . (2.10)

The pure photon sector is approximated by the following Lagrangian

1 d(#) d2 d(T)
Ly=—"F"Fu, + |25+ —+ -2 | FuD*F"™, (2.11)
my  my  mz

dg“ ) and dgT) are generated by the vacuum polarization (VP) loops with only muons and taus
respectively. Note that, in comparison to Eq. (2.2)), there is here an extra contribution from the
VP loop with muons, which are now NR. At O(«) they read

ALe
(w) _ “n 2 () _ ¢ 2 919
dy 607T+(’)(a), dy 607r+(’)(04). (2.12)

The hadronic effects of the VP are encoded in dg, which is the NR version of da r in Eq. (2.2)):

m2 Z2a

dy = —L11},(0) = GSﬁ +did 1 0(a?). (2.13)
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Chapter 2. Effective field theories

We define IT), (0) as the derivative of the hadronic VP (such that IT,(—k?) = —k?II}, (0)+...). The
experimental figure for the total hadronic contribution reads IT}, ~ 9.3 x 1073 GeV 2, Ref. [66].
Following standard practice, we have singled out the contribution due to the one loop VP of a
point-like proton in the second equality of Eq. . Note though that dgad is still of order a.

The electron sector reads (iD,, =0, — eA,,)

Lo =1.6p —my)le . (2.14)
We do not include the term
_ e 5\ LFP (2.15)
my

since the coeflicient g, is suppressed by powers of o and the mass of the lepton. Therefore, it
would give contributions beyond the accuracy we aim. In any case, any eventual contribution
would be absorbed in a low energy constant.

The muonic sector reads

2 4 (1)
ey gt lipoy Puy Du e o og
" " o2my, o 8md 2my,
C(Du) . C(Su)
+68m3 [V‘E]—ergmia-(Du xE—E x Du)}lu’ (2.16)

with the following definitions: z'Dg =10y — ZueAO7 1D, =1V + Z,eA and Z,, = 1. The Wilson
coefficients can be computed order by order in .. They read (where we have used the fact that
c(S“) = 205#) — 7, Ref. [67])

Za

=2, (1 + o+ 0(a2)> 7 (2.17)
Z2

=2z, (1 + %a + O(a2)> . (2.18)

Taking the values of the form factors for the muon-electron difference computed in Ref. [68]
and those for the electron computed in Ref. [69], we can deduce the following expression for the

CE:I;,)ATS(V) Wilson coefﬁcien

m2
c%fs(u) =7, (1 +5-Ziln (J) (2.19)

2
(1810 - ) - e - zg(:),)}

+0(a®) .

'Tn NRQED(up), the electron has not been integrated out, therefore Eq. is not the cgf) Wilson coefficient
of NRQED(up). It is the c(f)” that will show up after lowering the muon energy cut-off below the electron mass in
pNRQED. Still we choose to present it here as otherwise we would be forced to do an extra intermediate matching
computation that is unnecessary to obtain the final result. Since we have integrated out the electron, note also
that @ = 1/137.14... in this equation, i.e. any running associated to the electron is written explicitly in Eq. .
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2.2. NRQED(up)

Note that written in this way one can easily identify the O(a2) color structures C% and
CrTpn; (for the case of n; massive quarks): the second line in Eq. would correspond to
the 012? term and the third line to the CrTrn; one. In this way we could obtain the analogous
Wilson coeflicient c¢p in QCD.

For the Lamb shift computation we perform here we only need c(g) with O(a? x In) accuracy.

We also include the finite piece for completeness but neglect O(m./m,) terms. Note that analo-
gous O(a?) terms (changing m, by m, and either keeping m. or changing it by m,,) would exist
for c(g) if computing the Wilson coefficient as if the proton were point-like at the m,, scale. Even
if these effects are small, they should be taken into account for eventual comparisons with lattice
where typically only the hadronic correction is computed.

For the proton sector we have the same Lagrangian as Eq. . The proton Wilson coef-
ficients are hadronic, non-perturbative quantities. In some cases they can be directly related
with low energy constants, for instance with the anomalous magnetic moment of the proton
kp = 1.792847356(23), Ref. [70]:

Z3a
) = Zy+ kp = Zy + 1 4 S+ 0(a?), (2.20)
(») had | Zp® 2
cg’ = Zp+2kp = Zp + 2k, —{—T—l—(’)(a). (2.21)

Note that r, includes O(«) effects. In principle, this is also so for m;}ad, to which we have

subtracted the proton-associated point-like contribution to the anomalous magnetic moment (note

that the point-like result is a bad approximation for cg), even though it gives the right order of

magnitude). The case of c%) is more complicated (a more detailed discussion can be found in

Ref. [60]). It can be written in the following way in terms of the electromagnetic current form
factors at zero momentum (where F1(0) = Z,):

dGy,p(q?
D) = 7, + 2F5(0) + 8F{(0) = Z, + sm? WD)

e (2.22)

7>=0

This object is infrared divergent, which makes it scale and scheme dependent. This is not a
problem from the EFT point of view but makes the definition of the proton radius ambiguous.
The standard practice is to make explicit the proton-associated point-like contributions to the
computation. In practice this means that one uses the following definition for the proton radius

4 Z3a m> 4
cgfm(u) =Z,+ 3 In <V§> + grpmy + 0(a?). (2.23)
In other words (up to O(a?) corrections)
(p) Z — 4 2. 2 2.94
cam(mp) —Zp = 3Ty - (2.24)

Note that 7, includes O(«) terms in its definition. This should be kept in mind when comparing

with lattice determinations. Note also that it is not natural to set v = m,, or, in other words, to
assume that the proton is point-like up to (and beyond) the scales of the proton mass; %rgm% o~

21.3, to be compared with ”1” for a point-like particle. This illustrates that the point-like result
does not even give the right order of magnitude of cp.
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Chapter 2. Effective field theories

The Lagrangian Ly, refers to the four-fermion operator made of nucleons and (relativistic)
electrons. It corresponds to the Lagrangian in Eq. , for the electron case only. Note that
this Lagrangian is only meaningful in the case of muonic hydrogen, as in the case of hydrogen the
electron would no be relativistic. It will not contribute to the spectrum at O(m,.a’), therefore
we will not consider it any further. For a detailed discussion see Ref. [59].

Finally, we consider the four-fermion operators ﬂ

NR _ @3 -
LR = m—%N]INp 11, — m—%NgaNp lol,. (2.25)

Our main interest in the next two chapters will be the determination of c3 and ¢4 by performing
the matching from HBET to NRQED. At O(a?), we symbolically represent this matching as in

Fig. 2.1}

7

AN
E(@

Figure 2.1: Symbolic representation of the matching between HBET and NRQED for cgli and cﬁli.
The bubble represents the hadronic corrections.

Again in this case it is common practice to single-out the proton-associated point-like con-
tribution. Note that this assumes that one can treat the proton as point-like at energies of the
order of the proton mass. We have already seen that this is a bad approximation for ¢p and other
Wilson coefficients. Nevertheless, we keep this procedure for the sake of comparison. Therefore,

3 = 3R + €3 point—like + 374+ O(a?), (2.26)

¢4 = ear + Capoint—like + 474+ O(a?) . (2.27)

Note that c3/4r is suppressed by an extra factor my/m, i.e. c3qr ~ a?my,/my,. This goes
beyond the aimed accuracy of our calculation and so we neglect c3/4 - The point-like Wilson

?Note that we have renamed cgl/‘; — ¢34 here and throughout the text for muonic hydrogen. Furthermore, in
Py
3

Ref. [59] ¢5/4 — ¢ l/jl Ngr- We eliminate some indices to lighten the notation.
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2.2. NRQED(up)

coefficients read as follows Bt

m m, Z2a? m2 1 m? 1
C3,point—like = _mizds(l/> = miim [mz (hl TQP + 3> — mg (hl 75 + § s (230)
p p
m Z2a2m?2 m2
C4 point—like = —mfpdv = _Fmg In mig (2.31)
H M 14 P

The expression of dg should be understood in the MS scheme, d,, on the other hand, is finite.
The Wilson coefficient dg was computed in Ref. |[71] and d,, in Ref. [14].

cé‘ad encodes the hadronic effects of pions and the Delta to O(a?) in the spin-independent four-
fermion Wilson coefficient. At O(a?) it is generated by the two-photon exchange contribution.
Since c32d depends linearly on the muon mass, it is dominated by the infrared dynamics and
diverges linearly in the chiral limit. This produces an extra m,/m, suppression with respect to
its natural size, and allows us to compute the leading pure-chiral and Delta-related effects in a
model independent way. The detailed matching computation between HBET and NRQED will
be carried out in Chapter [3| (partial results can be found in Refs. [60,/61], and in Ref. [72] in
the context of relativistic baryon effective theory). We quote here the result we get for ease of

reference,

had 27w [1+#W+---] Lo <a2mu>
- A Aqep

:azﬂ 47.2(23.6) (), (2.32)
ma |56.7(20.6) (m + A), '

where the upper and lower numbers refer to the matching computation with only pions, or with
pions and the Delta particle, respectively. For comparison, the value cgad = a2%54.4(3.3), which
follows from the analysis in Ref. [73], was used in Ref. |20].

ci2d encodes the hadronic effects of pions and the Delta to O(a?) in the spin-dependent four-
fermion Wilson coefficients. As in the previous case, this coefficient diverges in the chiral limit.
Nevertheless, it only does so logarithmically (unlike in the previous case, where the divergence
was linear). Such computation can be found in Ref. [59]. Still it is possible to determine c4* from
the analogous one of the proton-electron four-fermion operator determined in Ref. [59]. Again,
we leave the details of the matching for Chapter [3| but quote here the result:

ched ~ 4607 . (2.33)

3In this expression we have computed the loop with the proton being relativistic to follow common practice.
Nevertheless, this assumes that one can consider the proton to be point-like at the scales of the proton mass. To
stick to an standard EFT approach one should consider the proton to be NR. Then one would obtain

2
1 52 2Myp my, 1

C13),point71ike =Z"a mli <ln V2 + 3> ’ (2.28)
2 2
K my.

Cif;oint—likc = (1 - :) Z%a’In Vél : (2.29)

The difference between both results is of the order of c3/4 g, and gets absorbed into this coefficient (which we do
not know anyhow). Therefore, the value of cgl/il, will be the same no matter the prescription used. In practice

there could be some difference due to truncation, but always of the order of the error of our computation.
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Chapter 2. Effective field theories

2.3 NRQED(e)

If we focus in the electron-proton sector, things go quite as in the previous section. After inte-
grating out scales of O(m,, A), an EFT for electrons coupled to protons (and photons) appears.
This effective theory has a cut-off v < m, and pions, Deltas and muons have been integrated out,
but the electron is still relativistic. After integrating out scales of O(m.) in the electron-proton
sector, we still have an EFT for electrons coupled to protons and photons. Nevertheless, now
the electrons are NR. The Lagrangian is quite similar to the one in Sec. but without a light
fermion and with the replacement p — e. It reads

LNRrQED(e) = Ly + LN 4 Ly + C%R) . (2.34)
We will perform the matching to this theory directly from HBET. At O(a?) this matching can
be symbolically represented by the same figure as in the case of the muon, namely Fig.

2.4 pNRQED

After integrating out scales of O(m, & ~ m), the resulting effective theory is pPNRQED Ref. [15].
This EFT naturally gives a Schrodinger-like formulation of the bound-state problem but still
keeping the quantum field theory nature of the interaction with ultrasoft photons, as well as
keeping the information due to high energy modes (of a quantum field theory nature) in the
Wilson coefficients of the theory. pNRQED has been applied to hydrogen Ref. [57], positronium
Ref. [58] and muonic hydrogen Refs. [59,60] providing with much of the information we need for
our computation. In particular in the last reference the explicit form of the Lagrangian up to
O(m,a®) was presented. This is:

5 e ot p? p? p? P2
L = [ d’°xd°X X, t)4 100 — - — 2.
pNRQED / xd’XS"(x, X, ){280 S, + 8 + Smd 20 (2.35)
Zymy + Zpym 1 y
—V(x,p,01,02) + ¢ (W) X - E(X,t)}S(x,X,t) — /d?’XzFWF“ ,
mymp

where M = my, + my, m, = . Ty X and X, and p and P are the relative and center of mass
. utmp
coordinate and momentum respectively.

V' can be written as an expansion in 1/my, 1/myp, a, ... We will assume 1/r ~ m, (which is
realistic for the case at hand) and that m, < m,. We then organize the potential as an expansion
in 1/my:

V(x,p,o1,02) =VOr) + V() + VE@) + .- (2.36)
where
v o L (2.37)
mi

We will also make the expansion in powers of a explicit. This means that

V) o« —ar. (2.38)



2.4. pNRQED

y 0.1 — —% has to be included exactly in the leading order Hamiltonian to yield the leading
order solution to the bound-state problem:

_ Lo (2.39)

Thus, the contribution to the energy of a given potential is
<V(n,r)> ~ mual—&-n—&-r

up to large logarithms or potential suppression factors due to powers of 1/m,. Iterations of
the potential are dealt with using standard quantum mechanics perturbation theory producing
corrections such as:

<V(n,r) . V(m,s)> ~ mﬂa1+n+r+(1+m+s—2) (2.40)

and alike. Therefore, in order to reach the desired O(ma®) accuracy, V() has to be computed
up to O(a*), VI up to O(a?), V) up to O(a?) and VB up to O(a).
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Chapter 3

Matching HBET to NRQED

In this chapter we will perform in detail the computation of the NRQED (up) coefficients c3 and
c4. We focus on their hadronic contributions which we find by matching to HBET an EFT where
the muons and pions are still relativistic. These hadronic Wilson coefficients are related to the
FVCT, which we compute in HBET by splitting it in two contributions: Born and polarizability.
We start by computing the Born tensor, which was already known and which we can use to
compute different Zemach momenta. Then we compute analytically the polarizability tensor.
With both results together we compute both c3 and cs. We compare these results to previous
results in the literature.

3.1 The forward virtual Compton tensor

The electromagnetic current reads J* = >, Q;q;v"¢;, where i = u,d (we will not consider the
strange quark in this work) and @; is the quark charge. The form factors (which we will under-
stand as pure hadronic quantities, i.e. without electromagnetic corrections) are then defined by
the following equation:

aq,
2M,

¥, s|Jp, s) = u(p') | Fi(a*)V"* + iFa(q?) u(p) , (3.1)

where ¢ = p’ — p and Fy, F, are the Dirac and Pauli form factors, respectively. The states are
normalized in the following (standard relativistic) way:

<p,7 A/’pv A> - (27r)32p053(p/ - p>(5)\’)\ ) (32)
and
_ L+
u(p, s)u(p,s) = (p+ Mp) 5 i , (3.3)
where s is an arbitrary spin four-vector obeying s> = —1 and p - s = 0.
More suitable for a NR analysis are the Sachs form factors:
2
q
Gp(d") = (@) + Guh(@),  Gu(d) = Fi(d*) + Fa(d?). (3.4)
P
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Chapter 3. Matching HBET to NRQED

Nevertheless, the main object of interest of our work here is the FVCT,
T =i [ d e (s T () (0)Hps) (35)

which has the following structure (p = ¢ - p/m, = v - q, although we will usually work in the rest
frame where p = ¢°):

, L 1 mop N (o TP
™ = (_g" T )Sl(p,q2)+nﬂ<P“_ng“ =51 ) 5o d) (3.6)
p

i i , .
= = g5 A, ) — 3 P 4, (mpp)se — (- 8)pe) A2(p,¢*) = T + TH" .
P D

It depends on four scalar functions, which we call structure functions. We split the tensor into two
pieces, namely T'¢” and T". The tensor T4" = T¢" is symmetric and spin-independent and it
corresponds to the first two terms of Eq. (3.6). The tensor T%” = —T" is the antisymmetric and
spin-dependent and corresponds to the and the last two terms of Eq. . We have computed
this tensor at O(p3) in HBChPT. The diagrams that contribute are listed in Figs. and
(without closing the loop with the muon, i.e. without the muon line). Note that the tensor arises
when the loop with the muon is not closed. The first figure refers to diagrams without Delta
contributions (pure chiral), the second to the tree-level Delta contribution, and the last to one-
loop chiral diagrams involving the Delta particle. Expressions in D = 4 + 2¢ and four dimensions
for each diagram can be found in Appendix[D.2] Summing them up we can reconstruct the tensor
structure of T*” (in other words, check gauge invariance). In principle, more diagrams, besides
those drawn should be considered but they do not contribute to the structure functions at the
order we aim in this work.

It is also common to split 7" into two components, which we label "Born” and "pol” (i.e.
polarizability):

TH = T+ T (3.7)

3.2 Computation of T}’

Born

The Born term (also referred to as Zemach term in the literature) is defined as the contribution
coming from the intermediate state being the proton (somewhat the elastic contribution). The
associated structure functions can be written in terms of the form factors. They read (or, rather,
they are defined as)

2\2 2 2
P p.P) = ~2F) - (g L A, 58)
m2 2 20,2\ _ 2\2 172/ ,,2
St =2 &)
mQ 2 2 2
AP (o) =~ () + R DU, (3.10)
A}230rn(p7 q2) = 4mgp FQ(QQ)GM(QQ) (311)

(2mpp)? — (¢°)?
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3.2. Computation of T

Born

(6) (7) (8)

Figure 3.1: Two-loop TPE diagrams with an internal pion (dashed line) loop contributing to c3
and cy. Crossed diagrams and those obtained through permutations are implicit.

From these expressions one could easily single out the point-like contributions. The remaining
contributions, with the one-loop accuracy of our chiral computation, are encoded in the following

expression (we split Gg s into pieces according to its chiral counting: GSE”)M ~ 1/my ~ 1/AY):

Tlgtl)/rn i7T(5(’U : q) (312)
x Tr luﬂ ( 4p+G( )GSE)U“U + Gg)Gg\? (v“p+ {s”,sﬂl} 4P+ — V'Dy [s“,spl} qp/p+)>‘| ,
mp

where p; = 1+” . Note that 7%’ is proportional to é(v - ¢) and Gg) = 1. The expressions for

Gg), GS&[) were computed in Refs. [8,74.[75]. They read:

2 2
@), 2y _ 2{r%) 1 o 1 94 29;na
Gp(0) =05 +(47TF)2<q <12+4 9

ngAA <9\/m+4\/A2—m2>lnR )
1 1 3 4
s d 2 (41,9 9 * 9 ) A27 2
+ (47TF7r)2/0 € {l:mw (2 + 2914 3g7rNA + 3g7TNA
1 5,5 20, 5 m?
+ <2+29A— gngA>q (—-1+z)z|ln Tz

+ 16972rNA\/A7 (4q ol-o)+a" _n:)lnR( )} ’ (319
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Chapter 3. Matching HBET to NRQED

N

S N

Figure 3.2: One-loop TPE diagram with an internal Delta particle (double line) contributing to
c3 and cq. Crossed diagram is implicit.

where (the coefficients By and Bjg are counterterms of the HBET Lagrangian from [75])

dGg(—q?) 3(ks +ho) 1 (1 7 5 104
2y o o 2
(re) = 67( 2) P (47rF 2 + 128 + 6By + 29A o7 5 97NA
q2=0 p
40 2 A 2 2 40 2 mﬂ'
9 INA AT 0 In (R(mw)) + (1 + 594 — 997rNA> In (/\> ; (3.14)
and
1 4mm, 1 p.
G (%) = —gii(ma’;g /0 da {Vin? —m | (3.15)
32 5, mpA /1 1 m? (mﬂ>
Ty INA Gy Jy P 2\ aaz ) T aa
A2 — 72 Ly AZ 2
+ A InR (m ) — A In R( )}
with
A A2 -
R(m2)zg+ — -1, m? =m?2 - ¢a(l —x) . (3.16)

(1)

For the spin-dependent case, the only contribution is the term proportional to G, which
comes from the AP™ term (this is the only term that contributes to the Born piece of the
hyperfine splitting). For the spin-independent case we only need Gg).

Eq. comes from diagrams (5) and (6) in Figs. and after properly subtracting
the subdivergences.

Following common practice we define the electromagnetic charge density as

3 .
pe(r) = / éﬂ’;g eXTGQp(—k?) . (3.17)

The inverse of its Fourier transform allows us to obtain the even powers of the moments of the
charge distribution of the proton,

Ge(—k?) = § :718" dr ATV r? oo (1) = § K. 3.18
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3.2. Computation of T

Born

(8)

Figure 3.3: Two-loop TPFE diagrams with an internal pion and Delta loop contributing to cs and
c4. Crossed diagrams and those obtained through permutations are implicit.

By Taylor expanding Eq. (3.13)) we obtain (for k£ > 1)

m2—2k
(r?k) = T (1+ gA(3 + 2k)) k(k — DT (k — 1)? (3.19)
(

321272
2 2k 2 _1\k+141—k | 22
gNA 3+2k) , ) 2 (1) 4@ 4 2k)(2k)! o V1—y
TNA ] o —6) (k)% + In(2
3622y { = ¥ ) TR+ @) 2k —1) TR
2 2k 2

gana(kD)? yiok ook Lo —1/2 P R
* 18 F272 Y (1 y) 3(y 1) k—13F2 11,1 k,2,2 kil — —

Y

a2 () o)

k
_ 2 2kg72rNA (y2 — 1) (k")2 i (27‘)' y2’r
9F72772 y2 (1 — y2)2th = 22ty (rl)2
r

Y
1 2

1+ 1 2
_4y2< kr>2F1 <_kj7272_k+ray2y_1)‘| ;

where y = "=, and I'(n) is the Euler I' function.

N
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Chapter 3. Matching HBET to NRQED

The odd powers are obtained (defined) through the relation:

3202 + k] ¢ 1 Eg¥od\"
2%k+1y _ T 442k q 2 q 2
(r2htly = 7F[—1/2—k]2 /(2ﬂ)3q2(2+k) Gr(—q )—ngo—n! (dq2> Ge(—a”)

qQO] '

(3.20)

An analytic expression of this quantity is relegated to Eq. (3.55)). Note that, by using dimensional
regularization, we can eliminate all the terms proportional to integer even powers of g2 in this
expression. For k > 1, this integral is dominated by the chiral result and can be approximated
by

/272 + k] ab-1 1
2k+1 24+2k‘/ q G(Q) 2 ) 321
< ) [ 1/2 . ] (27T)D71 q2(2+k) ( q ) ( )

Finally, let us note that, by construction, both 77 = and T}(} comply with current conserva-
tion. The separation (definition) of the Born and polarizability terms is in general ambiguous,
see, for instance, the discussion in Refs. [76,[77]. In our case, as far as we give an explicit deﬁnition

for TE” | this ambiguity disappears. In what follows we consider the computation of T'

Born? pol

3.3 Computation of 7"

We split each SP ol /Af’01 in the following way:
SPOl = P PR+ PO, AP = AP APY 4 APY, (3.22)

Sp01 and Ap encode the contributions only due to pions. They are produced by the diagrams
listed in Fig. -, 3.1, which we compute using the Feynman rules in Appendix [B.I] Summing them
up we can reconstruct the tensor structure of 7. In D-dimensions the structure functions read

Spol(q qo) F%mp (m JO (0 m )+Jg (0 m >—J0 (q07m72r)

+ 4/ dw (23: —1)J5 (qox, mQ) —(1-x) (m2 + (¢* - 2q§)a:2) JY (qox,m2)}>

+ (90 = — ), (323
S ) = e (30 (002) 425 (02) o (o)

1
+ / dz {q2q2(1 —22)2(1 — x)2%J} (qox,fn2> +2¢%(2z — D)aJ}) (qgm,mQ)
0

—(1—=x) (4(m2 —2¢22%) + ¢?(42® + (22 — 1)(1 + 62 + d(2z — 1)))) Jy) (qox,fn2)

+ 4(23; ) ( oz,) }) + (a0 = —ao), (3.24)
o 1
Ap l(q q0) = 2 m d$ {qJ qox, m ) +qo:L"2J0 (qO:L" m ) + 2Dy (m )}
0
+ (g0 — _QO)7 (3.25)
1 9 !
AR (6% q0) = F%mf;/o de 22z — 1) Jf (0w, m?) — (90 = —qo) (3.26)

32



3.3. Computation of T/}

where the loop functions .J; have been defined in D-dimensions in Appendix

where

and

These structure functions reduce to the following expressions in D = 4:

o 1 2 3 m2 m2
SPd% qo0) = - (‘”‘) My My {2+q2— <1+qZ> Vi—z (3.27)

1 ga 2 q2 3 1 m2 m2 q2
Spol 2 _ < > 4 ) (2 - T s kN
2,7r(q )qo) T 2Fﬂ- mp ez q2 2 + 2 + q2 + (q0)2 q2
02 2 2 2
() g (m;r _ 2) (3.28)
7 q 2q
2 2 2 (. 0)\2
2 q q* (¢°)
+—==\2—-—-—1—-2)+ —FF"——= 1—2
@’ < @' e+ (@7 )

1 [m2 ¢ | ¢
+§ qig <2+3(]2+m2 Il(m?ﬂq()’qQ) ’

™

1 2 T 2.2\ ~1/2
Apol(q ) = _797Am]23 dp Y (QOJJ ( qw) Sin—1<Qo:1:) 7

2m2 12 P Jo q0 2 2 2
(3.29)
—-1/2
1 > L z(2e—1) 22 x
pol/ 2 _ 9A_ 3 G . —1({ 9
Az (@ q0) =~ 72" ), de === 1= "5 sin ( m?)’ (3.30)
2

z= % (3.31)

2 0 2 ! 1
Iy (my. g, q7) = / da——— (3.32)

0 My 9 2
q q2

2
= — arctan <q> + arctan q + q
2mzlal 2laly/m? — g5

_ ( 2imax|q| — ¢° )
2ilql\/m2 — q§ + ¢* — 243

Note that in order to find a finite result we have subtracted the usual MS factor as deﬁned in

Eq. (C.8)). For D = 4 we can compare with previous results in the literature. S

pol

1. and S27r were

originally computed in Ref. [61]. We agree with those results, which were obtained with different
methods, either by dispersion relations or through a diagrammatic computation assuming gauge
invariance. In the case of real photons (for ¢ = 0 in the Coulomb gauge (CG)) we recover the
results of Ref. [8]. S has also been checked in the limit g — 0 in Ref. [73], and SP%  for all

qo and ¢? in Ref. [72].

1/2,m
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Chapter 3. Matching HBET to NRQED

The spin-dependent structure functions, Al - and A2 o+ agree with the ones given in Eqgs.
(30) and (34) of Ref. [63], up to a normalization factor. They follow from summing up all the
contributions of the diagrams in Fig. that have an antisymmetric contribution, i.e. diagrams
(2), (4) and (5).

We now move to contributions involving Delta particles. We first consider tree-level Delta
mediated contributions. The corresponding diagram is pictured in Fig. and the associated
contributions read:

4 b? Aqg?

P (2 ) = —2AF, AT 3.33
1a(@” ) 9m§mpq8*A2+i777 (3.33)

402 Ag?
Spol 2 lFm _— 3.34
QA(q ) = Qm% pqg—A2+i77 ( )

4b2 q2

Apol 27 — 1F 2 0 , 3.35
1,.A(4% ) 9m2 mpqg — A2 1 (33

o 4b] q
AN @0) =~ 1o (3.36)

m .
Im2 P i — A2 +in

We have checked that Eq. agrees with Ref. [61] and, in the limit gy — 0, with the leading
order expression of Ref. [73] up to normalization. Eq. differs from the expression obtained
in Ref. [61] using dispersion relations by a local term, i.e. the expression in Ref. [61] is only valid
in a logarithmic approach (taking the limit m; < A). For the spin-dependent terms we are in
agreement with Ref. [63], as we would expect since they are computed in the same way.

The last set of diagrams that we consider are those with one internal chiral loop and virtual
Delta particles. They are drawn in Fig. producing the following D-dimensional expressions
for the structure functions:

ol 32D —2 grna\2 (1
Stoea(d®, o) :—3D_1mp< I Z(D—l)Jé( A,m )

EJ (qo—A m )
- /01 dz {(1fx) (7A2+m2+q2x2+2qox fq0x>,]g( ofo,ThQ)

. %(1_$)(mng(~ ) 420, (1)) + (22 — 1)} (QOx—A,m2>})

+ (90 — —qo0), (3.37)
2,71'A(q ’QO) 3 D — 1 Ja 01{490 , Moy ( ) 2 >y My

N /O e (1 B a:)Jé/ (qu _ A,mQ) (q2 (D(l —2x)% — 4x(1 — 4x) — 1)
+ 42 —4 (A2 + 2qox(qox — A))) +2°(1 - 22) Jg (qox - m2)
4 (1 — o) (2e — 1)(1 — 22)J! (qw: — A,Th2>

— 42z —1)J, (qO$ - AJhZ) + %(1 — ) (mQDg (m2> +2D, (m2)> })

+ (90 = —0), (3.38)
2 1
pol [ 2 __ (9YaNA 5 16 B
AT A q0) = ( - ) 3D - 1)/0 dx { (A+(JO90)J0( qor — A, )
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3.3. Computation of T/}

oy 1 N
- ‘/L‘,D;r(m2)q70‘]é (—QOSU - A7m2)} + (g0 = —qo),

(3.39)
pol /92 grna\? 3 8 1 / =9
AQ’ﬁA(q ,qo):( o ) mp3(D—1)/0 dr z(1 —2z)J, (fqoa:fA,m )
— (qo — —QQ). (340)
The results for D = 4 dimensions are:
4 g2 A A — A+
pol ( 2 IaNA q0 q0
- = 3z (=) -z _z
SENCRLD or2 2 P [3 (mw) ( M ) ( M )
1 A m? m? q2(1 — x)x?
dr { = (52— 3)In [ = | +,/ -
+/0 x{mw(fm 3)n<m3r>+ %<<5x 3+ — ~ (At qon)?
A+ qox q%(1 — z)z? <A - qox)
Z — Z 41
( mz > + <5$ 3 + Th2 — (A — quL’)Z ﬁ’LQ ) (3 )
4 g2 2 A A — A+
pol ( 2 IaNA q0 q0
= —— Z Z Z
Sanald00) = ~5o F2 g [ ; (mw) * ( My >+ ( My )
1 A m? 1 [m?_ (A+qox
N (3 —Tx)(1 — 22)%¢% — 4q>2? N (1 — 2)2%(1 — 22)?
— (A + qoz)? (12 — (A + qox)?)?
1 [m? _ [A—qox (3 —7x)(1 — 22)%¢? — 4q22?
— | —=Z 4(3 -5
i m2 ( Vin? )( (3=5a)+ m? — (A — qoz)?
2.2 1— 2 1-2 2 2.2
(m? — (A — qo)?) 4m
A+ gox A — qox ) H
+ — , 3.42
(A e @) 349
2 g2 (A — qo)
e i (e
17rA(q Q) = or? F2 my dx +m2—(A—qgm)2
A—qm:) (1 (A—i—qu) ) (A—i—(ﬂﬂ?)})
z +(—+= Z : 3.43
( m2 g m*— (A +qox)? m2 (3.43)
A—qor A+qox
1 g2 [ Z(5%) z ()
ApOI 2 WNA / d 1 -9 m _ m
2075 00) = G5 T | do (1= 22) M2 — (A —qox)? 2 — (A +qoz)?
(3.44)
where we have defined Z as
E\/x2—1ln(\/:v2—1—i—x). (3.45)

The D = 4 expressions for SP?, and S, agree with Eqs. (51) in Ref. [65] for the case of
real photons, i.e. ¢> = 0 and in the CG.
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Chapter 3. Matching HBET to NRQED

Summing up all the contributions of the diagrams in Fig. that have an antisymmetric
contribution, i.e. diagrams (2), (4) and (5), we get the spin-dependent part that agrees with Eqgs.
(33) and (36) in Ref. |63], up to a normalization factor.

In all expressions we use principal value prescriptions, the Dirac delta contributions associated
to the propagators have gone into the Born term. Nevertheless, from the point of view of the
effective theory this splitting between the polarizability and Born term is quite arbitrary.

3.4 Spin-independent matching: c;

The matching between HBET and NRQED can be performed in a generic expansion in 1/my,
1/m,, and oe. We have two sorts of loops: chiral and electromagnetic. The former are always asso-
ciated to 1/(4mFy)? factors, whereas the latter are always suppressed by « factors. Any scale left
to get the dimensions right scales with m, or A. In our case we are only concerned with obtain-
my, o my,

ing the matching coefficients of the lepton-baryon operators of NRQCD with O (a2 X (m—ﬁ, T))
accuracy.

At O(a?), the contribution to cgli (see Fig. from matching HBET to NRQED can be
written in a compact way in terms of the structure functions of the FVCT. It reads (Ref. [78])

A= —ermymy / ke 1 !
3 PR (2m) Ky k4 4m2kE
x { (33, + k) S1(iko . ~k%) — K2Sa(iko,m, —kE) } + O(a®). (3.46)

This result keeps the complete dependence on the lepton mass m;, and so it is valid both for
NRQED(up) and NRQED(ep). In what follows, we will assume that we are doing the matching to
NRQED(pp). Therefore, we keep the whole dependence on m,, /m; since they are similar in size.
In order to recover the coefficient cgli from our computation one would just replace m, — my,.
The NRQED(ep) case can then be derived by expanding m,. versus m,. This contribution is
usually organized as in Eq. , and so we do. From now on we will focus in obtaining the
hadronic part of the coefficient, which we split, as is customary, in:

had
03a = C3,Born + C3,pol- (347)

We compute each of these terms separately.

3.4.1 c3Borm and Zemach moments

The first term in Eq. (3.47)) is generated by the spin-independent Born contribution to TH” in
Eq. (3.12). We symbolically picture it for a given lepton in Fig. At leading order in the NR

expansion it readd]]

dD—l

qg 1 0,2
637B0rn = 4(4770[)2m]2)mu/(2ﬂ_)I)_1(16 (E)G(E)(—qQ) . (348)

Note again that the exact dependence on m,, is kept at leading order in the NR expansion and
so this result holds for NRQED(l;p). The linear dependence in the lepton mass makes this

'In Ref. |60] this object is named CgfiZemach'
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3.4. Spin-independent matching: cs

Figure 3.4: Symbolic representation (plus permutations) of the Zemach correction in Eq. .

contribution much smaller for the case of hydrogen. Gg) = 1. We take the expression for Gg)
from Eq. . The use of EFTs and dimensional regularization is a strong simplification,
which we have already used when writing Eq. . This guarantees that only low energy
modes contribute to the integral, and that we only need the non-analytic behavior of Gg) in ¢?
around m, and A. In other words, even though some point-like contributions are still encoded in
Gg), they do do not contribute to the integral. The analytical behavior in ¢ produces scaleless
integrals, which are zero in dimensional regularization. This is a reflection of the factorization of
the different scales. Therefore, we do not need to introduce the point-like interactions to regulate
the infrared divergences of the integrals at zero momentum, as it is done if trying to compute
this object directly from the experimental data. We will come back to this issue when we discuss
the Zemach moments.

The computation of ¢3 Born Was made in Ref. [60]. Here we give a simplified expression:

my | 4 8 9 —m2
2 5 Mg (-1)'T(-3/2) { 2(r +2) }(mﬂ)%
— — Beior — ———=—Bayor p | ,
TRIANATA ;)r(w DI(=3/2—r) L% 3320 " A

where the first line is due to scales of O(m,) and the terms proportional to B,, are due to scales
of O(A), where (this corrects Eq. (61) of Ref. [60])

2 2
m m 3 1 32 m
¢3,Born = 2(mar)” <p> —+£ {931 +35+ *ngrNAﬁ (3.49)

1 1 .
;"‘ t2-1] ift<1

00 t2777, \ll—tzh'l
B, = / dt— 1 (3.50)
0 —\/marccos[g] ift>1
__ vAsGog) -s0-9)r(E-)
TE-1)
_n I(n—2) l1n—-2n—-1nn
+ FQ(%) 3 2(27 9 7 9 72>27)
5
PRI Rl 1 ok 1 Bk 13 fud 18k 13),
(n—3)?



Chapter 3. Matching HBET to NRQED

3_n
3_m 5
22 23F2 (5_%7

nojot
NI~y
1N

N |—

n n.
27 2

NO|—=

2+ )
(n—5)?
w/2sec () (0= 2)S1 (1= n) + (2= n)S1 (3 = 3) +n(~m(2) - 1+ In(4))

(n—2)0 (2-4)T (%)

I3
NI3

_l’_

Y

where S1(n) is the n harmonic number as defined in Appendix

Eq. encapsulates all the non-analytic dependence in the light quark masses and in the
splitting between the nucleon and the Delta mass (proportional to powers of 1/N, in the large
N, limit) of ¢3 Born. This expression is the leading contribution to the Zemach term in the chiral
counting (supplemented with a large N, counting). This is a model independent result. Other
contributions to the Zemach term are suppressed in the chiral counting.

3 Born can be related with (one of) the Zemach moments:

(r'") o) = /d?’rrm/d?’zpe(]z —r|)pe(2). (3.51)

The Zemach moments can be determined in a similar way as the moments of the charge distri-
bution of the proton. For even powers we have the relationﬂ

G%4(—k?) = ; (z(n_i):)!k2"<7“2">(2>- (3.52)
q201 ‘

(3.53)

The odd powers are obtained (defined) through the relation:

3/2F ) k d3 1 2n d n
%ty T (24 k) j4yok q 2 2 q 2 2
e = 2™ o |G - 2 5 () G

n=0

Again, using dimensional regularization, we can eliminate all the terms proportional to integer
even powers of q? in this expression. For k > 1 this integral is dominated by the chiral result
and can be approximated by

SPT(2+ k dPlq 1
2%+1\ T/ “I'(2 + k) 4+2k/ q (@), 2\ - o/ 2k+1
(4 ey 2 2 X g2 G OF (-a’) = 2. (3.54)

It is possible to get an analytic result for these integrals. We obtain (y = “%*)

1-2k 2
Ut 1\ oy 2kl My 2+4g3(2+k)
(r >(2) ~ 2(r ) ~2I'(3/2+ k) (A Fy)? {F(3/2 + k‘)—?) AR 1) (3.55)
4 5 w(k+2) (=1, 3.9 49
+9.g7rNA F[5/2—]€] ) 2F1(25172 kvy )

- — B - 4B :
+ 3 JnNaY 2 T(—1/2—k—7) 2k+2r-+4 % kg 2ktart

22N0te that comparison with Eq. (3.18) gives algebraic relations between the even charge, (r*™), and Zemach,
(r"™) (2), moments.
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3.4. Spin-independent matching: cs

| L« [ e [ ] (% [ &0 | % |

™ 0.4980 0.6877 1.619 5.203 20.92 | 0.9960
T&A 0.4071 0.6228 1.522 4.978 20.22 | 0.8142
Ref. [79] || 0.7706 1.083 1.775 3.325 7.006 | 2.023
Ref. [80] || 0.9838 1.621 3.209 7.440 19.69 | 2.526
Ref. [81) | 1.16(4) | 2.59(19)(04) | 8.0(1.2)(1.0) | 29.8(7.6)(12.6) | — — — | 2.85(8)

Table 3.1: Values of (r") in fermi units. The first two rows give the prediction from the effective
theory: the first row for the effective theory with only pions and the second for the theory with
pions and Deltas. The third row corresponds to the standard dipole fit of Ref. [79] with (r?) =
0.6581 fm3. The fourth and fifth rows correspond to different parameterizations of experimental
data Ref. [80, 81|, with the latest fit being the more recent analysis based on Mainz data. For
completeness, we also quote <7‘3>(2) =2.71 fm® from Ref. [82].

In Table [3.1] we give our predictions for some selected charge and Zemach moments’| both in
the effective theory with only pions and in the effective theory with pions and Deltas. The even
powers are obtained by direct Taylor expansion of Eq. , or using the analytic formulas in
Eq. . The odd powers are obtained from Eq. . We have also numerically checked the
values of (r2¢*1) directly using Eq. (3.20). In order to estimate the error of the charge/Zemach
moments and the other quantities we compute in this work we proceed as follows. We count

my ~ y/Aqcpmg and A ~ A‘fv%. We then have the double expansion AZ;;D ~ ./ AZéD and

A(Qﬁ ~ N% We still have to determine the relative size between m, and A. We observe

that m./A ~ N¢,/x

gLCqD ~ 1/2. Therefore, we associate a 50% uncertainty to the pure chiral
computation. For all Zemach moments we observe good convergence, with the contribution due
to the Delta being much smaller than the pure chiral result, and well inside the 50% uncertainty.
Leaving aside the Delta, the splitting with the next resonances suggest a mass gap of order

Agcp ~ 500-770 MeV depending on whether one considers the Roper resonance or the p. For
practical purposes, we also count mg ~ /Aqcpms ~ 500 MeV of order Aqcp. Therefore,

we assign A’ggD ~ 1/3 and % QAC =~ 1 /2, as the uncertainties of the pure chiral and the Delta-
related contribution respectively. We add these errors linearly for the final error. This gives the
expected size of the uncomputed corrections but numerical factors may change the real size of

the correction.

The chiral prediction is expected to give the dominant contribution of (r™) for n > 3. For
n = 2 it could also give the leading chiral logarithm. For smaller n the chiral corrections are
subleading. Note that for all n > 3, these expressions give the leading (non-analytic) dependence
in the light quark mass as well as in 1/N.. This is a valuable information for eventual lattice
simulations of these quantities where one can tune these parameters. In Table 3.1 we also compare
with the standard dipole ansatz Ref. |79], and with different determinations using experimental
data of the electric Sachs form factor fitted to more sophisticated functions Refs. [80,81)[f The
latest fit claims to be the more accurate. Nevertheless, we observe large differences, bigger than

®Note that (r**"1) (o) ~ 2(r** 1) with the precision of our computation.
“The agreement with Ref. [80] for n = 7 is accidental. We have checked that the growth with n is different with
respect the chiral prediction.
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Chapter 3. Matching HBET to NRQED

the errors. This is specially worrisome for large n, since the chiral prediction is expected to give
the dominant contribution of () for n > 3. In this respect, we believe that the chiral result may
help to shape the appropriated fit function and, thus, to discriminate between different options,
as well as to assess uncertainties. The impact of choosing different fit functions can be fully
appreciated, for instance, when dealing with renormalons such as in Ref. [83], where the lack
of data points in the low 1/Ng region allows for very different behaviors of the fitted function
unless extra theoretical constrains are introduced. Closer to our concerns, we can also see the
effect of the chosen fitting function in the different values of the electromagnetic proton radius
obtained in Ref. [84] vs. Refs. [50,[85] from direct fits to the ep scattering data. The first group
found a satisfactory fit (x? = 1.14 for 1422 points) using flexible fitting functions (splines and
polynomials). The second group found a fit with x? = 1.4 for the same set of points, fixing the
normalization of the fitting function. The values of the proton radius which they yield differ by
around three standard deviations. On the other hand, even if on general grounds one may expect
the charge/Zemach moments will be more and more sensitive to the chiral region for n — oo,
large fractions of the experimental numbers are determined by the subtraction terms included to
render these objects finite (for odd powers of n). We stop the discussion here but the reason for

such large discrepancies should be further understood.
Lastly, as we have already mentioned, cp can be related with (one of) the Zemach mo-

ments:

3,Born

Q* 3

Note again that the terms proportional to ”1” and 72 vanish in dimensional regularization.

2
C3Bom = 0?m2(r) ), (1) = — /0 dQ (GQ( 0 -1+L¢ >> . (3.56)

3.4.2 3,01, the polarizability term

Finally, we consider the polarizability correction of c3. It is obtained from Eq. (3.46) but sub-
tracting the Born term to the structure functions of the FVCT. The expressions to O(p?) in
HBChPT can be found in Sec. The final expression reads

2 2
m gA T m m 8 gﬂ'NA iy
€3,pol = —e4m§—m: (F) 5 — ey A“ 912 — mgA“3< o ) 5, (3.57)
where
d3l<: 1 % duw 1 1 ,
T = / / —= 2+ (1+k??) A% (w, k>
3(1+Kk2)4 www2+4mi(1+}(2)2{( +(1+ )) E(“’ )
+(1+ k2)2k2w23g (w,k?)}. (3.58)

For the case of only pions we have 1, = m,/m, and
1 1—x
2Vt w2’+/0 o e m?l@] : (3.59)
1—2z 1 (1—2z)(1 —2z)? ]
VIFa2? v ol —2)w?k?  2(1 4 2202 + 2(1 — 2)w?k2)? |

AT (w2) =~ |-

(3.60)
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3.4. Spin-independent matching: cs

For the case of Delta at tree level we have ma =m,/A and

1 w?k?

A 2\ _
1 1

A 2\ _

For the case of loops including the Delta we have ma, = m,/A and

1 J1 2
_ 1 /dw 3v1 —21n w
1272 Jo t

+ 2/ — (i +w)? (m(t) I (1 —iw \/m>>

(1+%2)(1— x)xw2>

AB™ (w, k2) =

t2
(t* — 1) (3 — bz) + 2ix(3 — br)w + x (3 — bz + 3k*(1 — 2)(1 — 22)) w?
VI—t+zw(-2i+ (-1+ Kk (-1+2))w)

1—izw+ /1 -2 +aw (-2 + (-1 +k2(-1+2))w)
m( VE— (11K (—1 + 2)azw? >}+(w_> ),

— (3—5x)In <1—|—

+ 2

(3.63)
1
BE™ (w,k?) = 241%2/0 dz (1 — 22)?
k2(1 — 2)2%w?(1 + iwx)

(12— (14+Kk?) (-14+z)aw?) (1 -2+ 2w (20 + (-1 + k2(-1 4+ z)) w))

3 +2B=T) + a4 (T+2i(=3+ To)w + (3 — 7o+ 3K*(1 — 2)(1 — 22)) w?)
(1 -2+ 2w (2 4 (-1 + K2(—1 + 2)) w))*/?

In (1 +izw + /1 — 12 + 2w (2i + (-1 — k2(1 — x))w)) } (W —w),

V2 —(1+k2) (-1 + 2)zw?
(3.64)
where t = m,/A. Note that the imaginary part of these expressions comes only from the Wick
rotation of kg and will vanish upon integration.

It is also interesting to consider the limit m;, < my, which is relevant for the hydrogen atom.
In this limit the general form of Eq. (3.57) approximates, with logarithmic accuracy, to

Aty = —amim, 50l — B | n(my,), (3.65)

. 2 ,my, A 49 my, M m
A= —sa? =l pln — + —malgl 2 1(”) 3.66
Bpol = T A LE I e T IAL e (366)

. m?2 45A AA2 — 49m?
- %oﬁgim T 5 ( ° + 921” R (m2)] | n (mﬂ> :

\/AQ—mgr (47TF0)2 \/Az—m?r AQ—m my,

These logarithms can be obtained by computing the ultraviolet behavior of the diagram in Fig.
This contribution is proportional to c4, and c4, or, in other words, the polarizabilities of the
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Chapter 3. Matching HBET to NRQED

proton (see Refs. [86/[87]). For the pure pion cloud, the polarizabilities were computed in Ref. [8].
The contribution due to the A can be found in Ref. [88]. The scale in the logarithm is compensated
by the next scale of the problem, which can be m, or A. For contributions which are only due
to the A or pions, the scale is unambiguous. In the case where pions and A are both present in
the loop we will choose the pion mass (the difference being beyond the logarithmic accuracy).

It is known that the pure chiral prediction of ag) and ﬂ](f}) nicely agrees with the experimental

values. This agreement deteriorates after the inclusion of the Delta effects, specially for ﬁg\z}).

Nevertheless, this object is comparatively small, and even more so for 5ag) - ﬁ](\f[), the combination
that appears in the logarithmic approximation. Whereas the experimental number, Ref. [89],
reads 5ag) - BJ(\Z) ~ 54 x 10~* fm3, the pure chiral result gives (5ag) — ,B](\Z))(ﬂ') ~ 60 x 107*
fm?3, and after the inclusion of the Delta we obtain (504%3) — B](\?))(W&A) ~ 73 x 107* fm?®. The
inclusion of the Delta slightly deteriorates the agreement, the difference being of the order of one
sigma according to our error analysis. We take this as an indication that EFT result will not be
very far off from the real number for the case of muonic hydrogen.

(& (&

AN o

P

Figure 3.5: Diagram contributing to the polarizability correction with In me accuracy. The match-
ing coefficients of the proton can be ca, or ca,, or, in other words, the proton polarizabilities.

It is also customary to split the polarizability term (note that the Born term has already been
subtracted from it) in what is called the inelastic and subtraction term:

d*kp 1 1
4 E 2 2 2
C3.5ub = —€ MM — 3ki p+k%)S1(0, —k
3,8ub P “/ 2m)1 kL kL +4mikz§7E( 0.6 + k)50, —kE)
oz2mp o0 dQ2 Q2 477%2
- = 11— L4 1-1]38:(0,—Q?), 3.67
2m, Jo Q2 2mj Q? 1(0,-¢%) (3.67)
dkp 1 1
4 E
C3.inel = —€ - MyM — 3.68
3,inel P “/ (2m)4 k‘4E k:4E + 4mik:§7E ( )

x { (33, + K2) (Si (ko b, —kE) — S1(0, =k})) — K2 (iko,, k%) } -

It is argued that the inelastic term does not require further subtractions and can be obtained
through dispersion relations. On the other hand, the subtraction term cannot be directly obtained
from experiment. This fact has been used in Ref. [90] to emphasize that the polarizability term
is affected by huge theoretical uncertainties. In this work, we can avoid making any assumption
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3.5. Spin-dependent matching: ¢y

about the dispersion relation properties of these quantities. This is possible within the framework
of EFTs. In this setup the splitting between the inelastic and subtraction terms is unmotivated,
and to some extent artificial (as it was the splitting between the Born and polarizability term).
Let us elaborate on this point and see what EFTs have to say in this respect. The main problem
comes, as it has already been pointed out in Ref. |72], from the diagram in Fig. This diagram
yields a finite (an small) contribution to ¢ o (and therefore to the energy shift, see Eq. )
Nevertheless, when split into ¢3inel and c3 sup, €ach term diverges in the following way

4
d¢3.5ub ~ —0C3 inel = —§a2%b%,F In(v/my). (3.69)

Obviously such contribution is fictitious but it may alter the value of the individual terms.

We relegate further discussion on the contribution of the coefficient ¢} to Sec. where
we will discuss the Lamb energy shift.

3.5 Spin-dependent matching: c,4

In order to find the spin-dependent coefficient ¢4, we proceed in the same way as in the spin-
independent case. We match HBET and NRQED order by order in a generic expansion in 1/my,
1/my, and a. We have two sorts of loops: chiral and electromagnetic. The former are always
associated to 1/(4mFy)? factors, whereas the latter are always suppressed by a factors. Any scale
left to get the dimensions right scales with m, or A.

At O(a?), the contribution to " (see Fig. from matching HBET to NRQED can be
written in a compact way in terms of the structure functions of the FVCT. In Euclidean space it
reads

dPk 1 1
= ko i, —k?
i 3 (2m)D k2 kL + 4m3 k2 m (iko, &, — E)}
+ O(a (3.70)

. o ko.i
{Al(sz,E, —kp) (kg p + 2k%) + i3kE

consistent with the expressions obtained long ago in Ref. [91]. This result keeps the complete
dependence on my, and is valid both for NRQED(up) and NRQED(ep), i.e. for hydrogen and
muonic hydrogen. From now on we will assume that we are doing the matching to NRQED (up).
Therefore, we keep the whole dependence on m,/m,. Once again can recover the case for a
general lepton just replacing m, — m;,. The NRQED(ep) case can then be derived by expanding
Me VETSUS M.

Similarly to the spin-independent case, this contribution can be organized as in Eq. (2.27)).
From now on we focus on the matching of the hadronic part, which we again split in:

=l A (3.71)

4,Born
These terms (associated to energies of O(m,)) were computed with O(a? x (Inmg, In A, Inmy,))
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Chapter 3. Matching HBET to NRQED

accuracy in Ref. [59]. We quote them here for ease of referencﬂ

dP~k 1
¢4 Bom = (4mar)? mpg /ﬁkzlg( )GSW) (3.72)
2 m2 2
my 92 2 4 A
~ In — In — .
(ankp)2” 3" lgf“ nF tgdmvaln g (3.73)
m? Twow m2 8 A2 b? A2
p 2 s 2 1,F 2
_ My o8 (7w m 1 In = In= 74
“rol = (Ur )2 7 3 ( g 12)|9Am e T g Nat | T gt (3.74)

Note that Eq. (3.72)) is independent of the lepton mass, while the last expression Eq. (3.74) does
not include the whole dependence on the lepton mass anymore. Summing up the hadronic and
point-like terms one hag’|

2 2 2 2 2
1 mi  bip 5, A my 52 <2 7 > 9 9, MZ
~(1- In ko AE 2 20y T pf (2, T 1

“ ( 4)0‘ v s N T arr 3 3 T e ) T e
2 2
_my 28 (5 7) A
°c_ In —
TR 3T e mivaln g
(Ne—00) Z mg 9 9 9 Tn2

Parametrically, the three contributions, Eqgs. , and , are of the same order.
Nevertheless, the polarizability and the point-like term are much smaller. This is consistent with
the fact that polarizability correction seems to be small (see Refs. [93-95]), if determined through
dispersion relations. As already discussed in Ref. [59], the EFT computation gives a double
explanation to this fact. On the one hand, this is due to the smallness of the numerical coefficient
of the polarizability term, but there also seems to be some large N, rationale behind. Since
gxnA = 3/(2v/2)ga in the large N, limit, the polarizability term vanishes (see Ref. [63]) except
for the tree-level-like Delta contribution (the last term in Eq. ) Nevertheless, the latter also
vanishes against the kj,-dependent point-like contribution (which effectively becomes the result
of a point-like particle) in the large N, limit, since bf = 3/(2v/2)ky and k, = Ky /2 Ref. [96].
Note also that the point-like term and the tree-level-like Delta contribution are suppressed by
1/7 factors with respect the Born contribution.

This discussion also illustrates that splitting the total contribution into different terms may
introduce spurious effects that vanish in the total sum. We have also seen a similar thing but in
a different context for the case of the spin-independent computation.

Our computation allows us to relate cil“ = ¢4 and cﬁle in a model independent way (now keep-
ing the whole dependence on the lepton masses). Since cﬁfﬁ 2 ¢y g up to terms of O(Qlei/AQCD)7
we can obtain the following relation

cy = Cile ~+ | C4,point—like — cﬁf;oint—like} + [04’1301 Cpp01:| + O(Oé « mu/AQCD) (3.76)

In Ref. [59) c4 Lo Was named 504 Cemachs a5 Ed. corresponds to the Zemach expression Ref. [92], the
leading order in the NR expansion of the Born term. The point-like contribution diverges irrespectively of doing
the computation in a relativistic or NR way (see the discussion in Ref. [59]). Here we only quote the NR expression,
which is more natural from the EFT point of view, as it avoids any assumption about the behavior of the theory
at the proton mass scale.

fRemember that, analogously to cs, within the EFT framework the contribution from energies of O(m,) or
higher in Eq. are encoded in cifﬁ ~chg-
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3.5. Spin-dependent matching: ¢y

Note that we have already used the fact that cfﬁ%om cancels in the difference, as it is independent

of the lepton mass. The experimental and theoretical results discussed before suggest that ciliBorn
is the leading contribution to the Wilson coefficient. Therefore, such contribution can be obtained
from cile, which can be determined from the hyperfine splitting of Hydrogen. In Ref. [59] it was
estimated to be cfile ~ —48a?. By considering differences in Eq. the ultraviolet behavior
gets regulated and the logarithmic divergences vanish. This renders these contributions very
small and negligible in comparison with the uncertainties. For the point-like contribution we

obtain

I Fp\ 2q i 2
€4 point—like — CZ;Omt_hke =(1- Zp o’ In m—g ~ 2.09a°, (3.77)
e

and for the polarizability we obtain (note that this term vanishes in the large N, limit, except
for the tree-level-like contribution)

Capol — Che o = 01702 (7) + 0.07a2(A) + 00082 (7&A) = 0.240? . (3.78)

Overall we obtain ¢4 ~ —46a2. The bulk of this contribution is expected to come from the Born
term, which in turn is related to the Zemach magnetic radius,

4 [dQ 9 9
ra) === |7 G [es@)6n @) - 1] (3.79)
by the following relation
3 1 ; T My 2 ’I’I’Lgr 4 2 A? (v=my)
<TZ> = CZ,BOI“HZ —gm |:gAh'ly2—f—ggTd\[Al]fly2 :P 135 fm (380)

-
4T a*my,

The chiral logarithm result compares well (~ 30%) with existing predictions (~ 1.04-1.08 fm)
from hydrogen hyperfine Refs. [97,98], from dispersion relations Refs. [81,82], or from the muonic
hydrogen hyperfine Ref. [20]. Note that in the case of the determinations of (rz) from the
hyperfine splitting (either from hydrogen or muonic hydrogen) one needs to control the relativistic
hadronic affects associated to the Born term as well as the polarizability correction. On the other
hand, if we are only interested in the hyperfine splitting it may make more sense to consider cﬁli
as a whole. We relegate a more detailed discussion to future work.
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Chapter 4

Matching NRQED to pNRQED

Now that we have fully set the NRQED Lagrangian and its Wilson coefficients, we move on to
its matching to pNRQED. In this chapter we will give the form of the potentials that form the
pNRQED Lagrangian in Sec. We will organise them in terms of their power counting within
the EFT framewok. Once all the potentials that contribute to the spectrum at O(m,a%) are
collected we will be able to compute the Lamb shift in muonic hydrogen.

4.1 The static potential: V)

The Fourier transform of V(©) reads

oy (k)
2

V0 = _4nz
\%4 s K

S vlom, (4.1)
n=1

where V(™) have been defined in Eq. . The definition of ay;, the coupling constant associ-
ated to the static potential is implicit in the previous equation. This coupling constant is gauge
invariant and scheme/scale independent. The contribution to the static potential associated to
the electron VP (II(0) = 0)

I(k?) = oIl (K?) 4 T (k%) + o’ T3(k?) + ...

provides with another very popular definition for the effective coupling that enjoys the nice
properties of gauge invariance and scheme/scale independence:

(k) ! “ +a3(n2 H)+O‘4( I3 + 214 11, — I5) + O(a®) . (4.2)
« = q——————=a— — — — — (- — a’). (4.
The coupling ag corresponds to Dyson summation. If we express aq (k) in terms of aeg(k), we
have

ap(k) = (k) + Y. Z0ZRaly™ (k) = a(k) + da(k),  da(k) = O(at).  (4.3)
n,m=0
n+m=even>0

The leading order contribution to the static potential is nothing but the Coulomb potential
o

(7(0,1) —
VoD = —dnz. 5.

(4.4)
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Chapter 4. Matching NRQED to pNRQED

Figure 4.1: One-loop electron VP contribution to the static potential. The dashed lines represent
the Aq fields, while the continuous lines represent the fermion and antifermion fields.

In order to achieve O(m,a’) accuracy we need to know oW, I®, O and the leading, non-
vanishing, contributions to agf’o)(k‘), ag%z)(k) and ozgf’l)(k‘).
The next-to-leading order (NLO) term of the static potential is displayed in Fig. and reads

o2 2
~ (0,2 T, (—k*)
Vip? (k) = dm 2 ===, (4.5)
where
2 2 2 2
= 4.
) = [ de? e, (16)
and
1 4 2
2\ _
T Ju T Jz o J [ Ju
| | [ [
Q I I I
|
T | | |
| [ [ [
| p | p | p | p

Figure 4.2: Diagrams contributing to V(3. The dashed and wiggly lines represent the Ay and A
fields respectively, while the continuous lines represent the fermion and antifermion fields.

The next-to-next-to-leading order (NNLO) term of the static potential is produced by the
diagrams depicted in Fig. which can be understood as a correction to the VP. It was computed
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4.2. The potential beyond the static limit

by Kéllen and Sabry Ref. [99] and reads

o IG(—k2) — Iy (—k?)

7(0.3) 7y
Vyp (k) = 47TZ§ 12 , (4.8)
IB02) — 502) = [ de? 5 u®(e?) (19)
' 4 ¢*(mZq® — k?) ’
where
u®( 2)—} T —1—94-@72—174—3_7—2 In 647’
1773 247727 3 2 (1—72)
1+7\ (33 23, 23, 14 (3 , (147)3
1 — 4+ —T7" = — — — —— |In|———
* n<17> <l6+ s7 "1 T TlatT o) e
1—7 —1+7
2 4 . .
+(3+2r —T)(2L12 <1+T)+L12( - ))} (4.10)
with
4
= 1——, 4.11
Z (4.11)
and the polylogarithm function is defined as
z In(1—
Lig(x) = —/ duu, z € C\[1,00). (4.12)
0 u
The N3LO term of the static potential coming from the VP reads
-~ 4 I3 (—k?) 4 210 (—k?)Ip(—k?) — II3(—k?

71.3 k2

This object (more specifically II3) has been computed in Ref. [100], see also Ref. [101] where the
complete set of diagrams can be found.

The remaining N®LO contribution to the static potential is generated by diagrams that cannot
be completely associated to the VP, and is encoded in da(k). Its sum is constrained to fulfil

n+m = even because of the Furry theorem. Fach aéﬁ’m) (k) is also gauge invariant. The leading,

non-vanishing, contributions are afjf’o)(k), ag?f’Q)(k) and agf’l)(k). They have an expansion in
a themselves. Since each of them is O(a*), we can approximate them by its leading order
expression, which is produced by the light-by-light diagrams displayed in Fig. This object
could be deduced from the computation in Ref. |102] (we truncate the aeg expressions to its

leading order)
o (k) = =5 ((Z2+ 22)ai” (k) + 2, Z,0 " (1)), (4.14)

where we have already used that ozgf’o)(k:) = agf)g2)(k).



Chapter 4. Matching NRQED to pNRQED

(0:2) (1:1) (2:0)

Figure 4.3: Light-by-light contribution to the static potential. The first and third diagram are the

contributions to agf’o)(k‘) and agf)f’m(k) respectively. The second diagram contributes to aglﬁ’l)(k‘).

4.2 The potential beyond the static limit

We perform the matching computation through the off-shell matching scheme in the CG. In this
scheme the 1/m potential is zero in QED as long as there are no light fermions (see Ref. [58]).
However, in our computation we must include the electron as a massive light fermion. Yet,
after inspection of the diagrams that may contribute, they would produce, at most, O(m,ab)
corrections to the energy, so they will be neglected in the following.

Up to order a?/m? the expression of the potential in momentum space was obtained in
Ref. [60]. We summarize its different contributions here.

(1) (p)

~ (2 e (k) c c

Vtge?aJrVP - 62 (Zp 752 + 2 752 >
1 P

, (p x k) cg“)S cg))S
—Z27TOéeﬂ‘(k')T' Zy mz“—l—Zu - P

B Z47raeﬁc(k) p? (p-k)?
myumy
_idraes(k) (p x k)
myumy k2
e (k)i P S, -kS, -k
+ Sy -8, — 4 n X
my,my k

(3 —4c4S, - Sp) (4.15)

: (chgﬁ)su + Zucg) Sp)

2
Mp

2.2 2
~(2,2) Z4a 7 k 1
Vvlfloop - mum, (3 In ﬁ + g ) (416)
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4.3. The potential in position space

- - @ —

EVAVAVAVAVAs

P

Figure 4.4: The non-zero relevant diagrams for the matching at tree level in CG. For the Ay
(dashed line) the circle is the vertex proportional to cp, the square to cg (spin dependent) and the
black dot to da, while for A (zigzag line) the square is the vertex proportional to cyp and the other
vertex appears from the covariant derivative in the kinetic term. The last diagram is proportional
to c3 and cq4. The symmetric diagrams are not displayed. Their sum corresponds to Eq.
(without VP).

Ze? —

V:)(f? 2ghell 4mump (p p 7m / d mgq + k2) (C]2) ) (417)
where S; = /2 is the spin of the particle i. We stress that Eq. has been obtained in the
MS scheme. If we switch off the electron VP effects, the computation would correspond to the
muonium case (or positronium if we consider the equal masses). The relevant diagrams in such
situation are presented in Figs. and (following the classification of Ref. [58] generalized to
the non-equal mass case).

The tree-level diagrams of Fig. produce the potential quoted in Eq. . Note that this
equation depends on aeg ~ o — o’Il1(—k?) (with the precision we are working). The effective
coupling constant produces a leading order potential of O(«). It also produces a NLO potential
of O(a?), which corresponds to incorporating the electron VP effects. This means including the
VP in the 1st, 2nd, 4th, 5th and 6th diagram in Fig. £.40 On top of that one has to include
the contribution coming from Fig. [£.6] which appears from the Taylor expansion in powers of
the transfer energy of the VP when doing the matching computation off-shell (for further details
see the discussion in Ref. [60]). It produces the potential quoted in Eq. . The one-loop
diagrams in Fig. produce the potential quoted in Eq. (in the MS scheme).

The sum of these three potentials includes all terms of O(V(>1)) and O(V (2:2)):

~ ~ (2 2,2
Ve = V:cgel—i-VP + V1( IO)Op + V(ff ghell +Oo(VEd). (4.18)

4.3 The potential in position space

The matrix elements of the potentials that appear in the energy shifts are more efficiently com-
puted in position space. Therefore, we also write the potentials in position space.
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Chapter 4. Matching NRQED to pNRQED

p

Figure 4.5: The non-zero relevant diagrams for the matching at one loop in CG. The interac-
tions for A (zigzag line) are the ones which appear from the covariant space derivatives in the
kinetic term, while for Ay (dashed line) comes from the covariant time derivative. The symmetric
diagrams are not displayed. They correspond to Fq. .

Figure 4.6: Symbolic representation of the leading correction to the static potential due to the
Taylor expansion of the electron VP in CG in powers of k® = E{ — Ey. It corresponds to
Eq. (4.17). The dashed lines represent the Ay field, while the continuous lines represent the

fermion and antifermion.

The static potential is trivially written in position space via Fourier transformation. It reads:

VO () = _Z%, (4.19)
0,2 Zaa [ dg? omr

V\(/P )(7") —— ?U(Cf)@ 2merd, (4.20)

a’ [ dg? —omer
K (r) =47TZ§A ?u@)(qg)e amerd, (4.21)
4 3 3012 2 2 2

0901 g [ BF g TRCR) AL (A1) ~ (k)

VVP (7’) 4 7'('3 (271_)36 k2 9 ( . )
(0.4) Chk _aer L (0, Lo 20) (L)

VipL (1) = —47TZ/ (2ﬂ)3e 2 ((Zu +Zy)agg (k) + ZuZpaeg (k)) - (4.23)

For the case of the # potential it is convenient to split the potential in a slightly different
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4.3. The potential in position space

way than in momentum space. In particular, the VP contributions are dealt with in an isolated
way. We follow the notation of Ref. [60]. The contributions coming from tree-level diagrams read

W
@ _ _ Za [ (1 2} 12 3) }_ dy ’ dy | d2 ) 3
V) Qmump[ {52} FL 4 ams O w)] — 16720 (925 + - o)

noom?
(Zucg)mi + chg‘)mﬁ) 763 (r)

«
+

2
Qm#mp mymy

r3

1 4 ®) 4

Z, Lz

+ 2218, + 2,40 2L —i—mump{cSL S, + 2158 —L S H
’I” 7’ mu mp

(w) (p)
o [WC(N)C(p)5(3)(r) Sy

Cr CF & ya 3
Sy | 3 CF °F SuSp+ <53 Spu(r)] o (—c3 + 48,,8,c4) 6 (x),
(4.24)
where SU( t) = —4(S; - S;) +12(S; - T)(S; - £).
The Fourier transform of Eq. (4.16) reads
2.2
V1 loop = Sy, l5( J(r)(1 = TInv?) — 3-ree 3 | (4.25)
where
11 Bk
——reg— = “XTInk. 4.26
Ar 83 / (271')3e . (4.26)
Finally, the contributions associated to the one—loop VP readE]
2
V\(/P)l loop+V shell */ dgq 20 (4.28)

2,—Ar
a (p) (1) @) (p) _ A€
X Z,ch m + Zych (47?5 (r)
g ")

r

oY L-S L-S e (1 + Ar)
+§ (Zucg)) - p+chg“) m%ﬁ) (

2 3
P r

ZpZy o A2e—Ar AT AT riT; ,
- 11— =] +2p 8ij + —2(1+ A
4m#mp< r ( 2>+p T (J+T’2(+r))p]

—Ar 14+ )\
+ 2 (2L, + 2,PL-8)) (e 0+ Ar)

mymy

'Note that the fourth line can be written in a way that makes the angular momentum structure more explicit

(&S] 2 2 _—Ar LT AT
[t (B (1) s s+ ) )
4
[T (@) 2 e ( &) _ e 2 /\72 7)\7"( )\T) B (3)
fA dq . (Q{p, . 1+ 5 2—T3 (I+Ar)L” + " 1+ 3 8w (r) | .

Nevertheless, one has to be careful when dealing with the right-hand-side of the equality, as the first and last term
are separately divergent (but not their sum).

(4.27)
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(1) (p) —Ar 2 AT 242
acy cF 2e 8 A A
Lir— (—3 . SH~Sp+§m5(>( r)S, - Sp + — o (LA | Su®) ]

where A = m.q. Therefore, with the precision we aim at, we obtain

2 2,2 2 2,2
V(z) - Vvt(rel + Vl( lo)op (V\S'P),l—loop + V;)( ghell) + O(V(z’g)) = V(Qvl) + V(272) + O(V(Z?’))v
(4.29)

where in the second equality we organize the potential terms according to their powers in «. This
requires expanding the NRQCD Wilson coeflicients in powers of a. The leading non-vanishing
contribution reads?

Z 1 1 2 4 m?2
ey _ _Zo | { pz} plpz g (1 D) ) (4.30)
2m,my, T r3 4my,my,
o 16 Zp+ khad 1
7Z,(Z, had S,Sp 5@ (pyz 2P~ A
2mump l 3 ( + H ) ( ) 1% 2 ,',,3 Sp,u'(r)

_|_

my, had 1 mp | 1
—(Z 2 —L-S Z(2+—])=L-S
2, m, e ) sy 2 (24 ) S,

lzu (2(Zp +rprd) 4+

+ %Zu [4r2m2] 6O (r).

For the organization of the computation it is also convenient to split V(%2) in the following
way:
2,2) _ (2 2) (2 2)

The first term is the potential if we switch off the interaction with the electrons. This is a well
defined limit, as it corresponds to the case of muonium. The second term is the correction to the
potential associated to the one-loop electron VP. They read:

4702 (72 72 1 a’Z7? 4 m?
yen = 22 <p+ “+>5<3>(r)+ Z T3L Sy +gmin (2 | 0O (x)

15 \m2 mZ m2 2m2 3
(4.32)
o?Z272 (1 4 m?2 a2z Z2 Z2
N Ry Zaln | —£) 6B _—~Z [ZP1,. L .
* 2mm? <r3 Sut 37 2 o) ) + 2rmpmy, \ 3 Sp Su
8 f S,u(®)\ 14nZ f 11
2 2 3 PH 2)5(3
+ (Zp + Zu) <3Susp5( )(r) + 1 > -—3 <ln(u 6B (x) + 27r1"egr?’>>
2 725(3) 2 2 2
+M 48uSpln (6 ) (T )+ T (7
Z 1 P p »
3)
- 67(21‘) (cg1 — 4ch*dS, S, + 16Z7radhad)
mp
Z3 2 had {7 S (f‘)
Dl B L 5@ (r) 4+ "R 4.33

had

2Strictly speaking there could still be some O(«) included in kp*® with the definition we are using, similarly as

what happens with the proton radius.
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4.3. The potential in position space

Z, m +Z m Me—Ar
(2,2 P
vy =L / dg? { &@mg (Mﬂ%ﬂ— - ) (4.34)
4_<ZﬁL-§p_%Z%L-§M> <e—mx1;-Aw> £%L~SM4—ZﬁL-Spe‘M(z+Ar)
mg 7 2r myMmy T
7.7 )\2 —Ar A LT AT s
pZu < ¢ (1—7")+2p16 <5w+”J(1+A7«)>p7>
dm,my r 2 r
1 26—>\7”)\2 8 —)\7“ T2 2 .
-z S, Sp+ -1 (r)S,, - Sp 147\ +— £y,
o, ( 5, wSp + 37T (r) 4+ — = +rA+ 3 Spu(T)

Finally, the 1/m3 potential, which we directly consider in position space, just comes from the

Taylor expansion of the relativistic expression of the dispersion relation

11 1
V@m:_<4_>¢, (4.35)

3 3
8mu my

There are no O(a/m?) terms.
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Chapter 5

The muonic hydrogen Lamb shift and
the proton radius

In this chapter we review all the contributions to the energy shift E(2P; j5)—E(2S] j5) of O(m,a),
as well as those that scale like afxlogarithms, in the context of pPNRQED. Many of the compu-
tations were done before. We have checked most of them, and we provide some new analytical
expressions.

In order to carry out the computations of this chapter we use the most updated PDG values
(Ref. [70]) for the masses and fine structure constant.

me = 0.510998928(11) MeV,
m,, = 105.6583715(35) MeV,
o = 1/137.035999074(44) MeV,
m, = 938.272046(21) MeV,
m, = 1776.82(16) MeV,
my = 139.57018 MeV,
A = 293.728 MeV,

ga = 1.25,
grna = 1.05,
F, =92.5MeV,
bir = 3.86. (5.1)

The values of the effective theory parameters g,ya and byp correspond to the leading order
expressions of the NR effective theory.

The muonic hydrogen Lamb shift is obtained by the combined use of NR quantum mechanics
perturbation theory and perturbative quantum field theory computations (when ultrasoft photons
show up). As we have definite counting rules to asses the relative importance of the different
terms we know when we can stop computing. The application of this program to the muonic
hydrogen produces the contributions we use in our analysis, listed in Table[5.5] Most of the results
were already available in the literature, we have checked many. We now discuss them focusing on
the novel aspects. Note that, even though most of the contributions can be associated to a pure
QED calculation, the hadronic effects are also included in this computation. Their effects are
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Chapter 5. The muonic hydrogen Lamb shift and the proton radius

included in the NRQED Wilson coefficients discussed in Sec. and are encoded in the different
terms of the potential in the Lagrangian of pNRQED discussed in Sec. [d

We define the following function which we will need for the n = 2 Lamb shift between the S-
and P-wave bound states:

1 ~Zar\?
p(r) = p2p(r) — pas(r) = (my Za)*2e=me2er [m<mr2ar>2 - (1 - = 20”") ] . (5.2)
where p,; is the NR charge density of the nl state.
We will use the following notation:
SEy; = (nlj|Vnlj) (5.3)
and
SE] = (2P 2|V 2Py j9) — (251 /2|V[251 2) (5.4)

for the correction to the Lamb shift of a generic potential V.

V V

® ey

Figure 5.1: 2nd order perturbation theory of the bound-state Green function generated by a generic
potential V.

We will represent the second order perturbation theory correction to the bound-state Green
function generated by a generic potential V' by Fig. where the double line represents the bound
state and the vertices (local in time) the potentials. In case we want to obtain the associated
energy shift we will compute objects like

1
mv\iﬁnu)

= /drzersz(rz)V(rz)GInl(rl,rz)V(rl)wnU(h)’ (5.5)

S5 = (ujlV

nlj

where

1 1 1 P>«
(En — b Eg%n(E—h E—En) ’ om, 1 (5:6)

Gry(ry,r2) = (]

1 — 1: . ’¢nl|2
ml@ = fim <G(r1,rz7E) “E_5. ) (5.7)

i (r) is the bound state wave function of the (nl)-state and FE,, is the energy of the state, h is
the Hamiltonian in the Schrédinger equation and G(ry,re; E) is the Coulomb Green function. In
the case of different potentials we use objects analogous to Eq. (5.5).
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5.1. Corrections from the static potential: V(0

In order to perform the computation it is specially useful to use the following representation

for a negative energy £ = — mf\zOF of the Coulomb Green function (see for instance, the appendix
of Ref. [103]):
—m2Za & r1-r2. /2m,Za \'/2m,Za \! _mizae
G BE)= —""—% (21+1)P, - ) ( - ) —ER (rtra)
(r1,r2; E) o >+ 1)R( i ) ( T y2) e

=0
00 L§l+1(2m3\2arl)L§l+1(QmS\Zoz )

Z T
S sl L) (s 2+ 1)

sl

(5.8)

Then G/,(rq,r2) is just the Coulomb Green function evaluated at A\ = n + 0\, and subtracting
the pole. In the case where the potentials that appear in Eq. are only functions of the
modulus of r (i.e. they are invariant under rotations), the sum over [ reduces to the single term
that matches the angular momentum [ of the bound state.

Obviously a similar discussion applies to higher order corrections from perturbation theory,
and also similar expressions follow for the Lamb shift.

We will now study each relevant contributing term separately, both in the 1/m, and in the
a expansions. We will write explicitly the Z,, Z,, Z dependence except for the dependence on
Z that appears in the combination m,Za/m. in the numerical integrals we perform. Therefore,
such numerical values will change for different muonic atoms.

5.1 Corrections from the static potential: V)

Vo
5.1.1 One-loop Vacuum Polarization: 5EL ~ O(m,a?)

The Lamb shift in muonic hydrogen, unlike in hydrogen, receives its most important contribution
from the electron VP. This is due to the fact that the typical atomic momentum of the muonic
hydrogen is m,«a, which is of the order of the electron mass: my o ~ 1.5m.. This effect comes
from the modification of the photon propagator, as we have already seen in the previous chapter
(see Fig. . In order to compute it, we must take the first order in a of the expansion of
(—k?2).

The integral in 7 and = can be done analytically. The result reads (see for instance Ref. [104])

vis? 3
5E) / PrVi? () p(r) = (5.9)

_ O, 8780 12687 + 3528 — 7684°
=5 Za)m = 8(1—4p2)2

T
+4ﬂ4 (15 — 8082 + 128*) (1= V1 —4p2
3(L—4app 25

)] = m,a®Z20.005555 = 205.00737 meV,

where

B = (Zzbim) = 0.7373836. (5.10)

Eq. gives the first entry in Table [5

For the case m. < Zam, the computation can be checked with the result of heavy quarko-
nium. We have checked it. We also observe that m, < Zam,. is a bad approximation to this
quantity, so we will not consider it further but only for checking. Actually, neither the § < 1 nor
the 8> 1 give a good approximation to Eq. .
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Chapter 5. The muonic hydrogen Lamb shift and the proton radius

©03)
5.1.2 Two-loop Vacuum Polarization: 5EZVP ~ O(m,a*)

We now compute the O(m,a*) contribution associated to the two-loop static potential. We
obtain the second entry of Table

(0,3)
SEP = myatZ20.005599695 = 1.50795 meV . (5.11)

It agrees with the result of Pachucki’s Ref. [105] with 5 significant digits.
We observe that this contribution is significantly bigger than the one coming from double

insertions of the leading VP potential discussed in the next section. In a different context a
similar situation has been found in heavy quarkonium physics, Ref. [106].

o 1(0.2) 1,(0.2)
5.1.3 Double Vacuum Polarization: §E,'* ~ V" ~ O(m,a*)

(

The second O(m,.a*) correction is generated by the second order perturbation theory of the VV%’2)
potential. Following Eq. (5.5 and the associated discussion we obtain

V(0’2) XV(0’2) (0,2) 1 (0,2) (0,2) 1 (0,2)
sEYve Ywe v = i\ — (V25| Vyop ' = Vop s
L <¢2p| VP (E2p _ h)/ VP |77Z)2p> <77Z)2 | VP (E2s _ h)/ vp W)Q >
2 roo poo 2 2
(Za) T 4 Ja e pi P% | !

y ( L+ Bor + p2)] °B°Q |, B°[0F + 03+ 2Bpap2)’] | ((1 + Bp1)(1+ ﬁm)))
12(1+ Bp1)>(1+ Bp2)® (14 Bp1)*(1 + Bp2)? L+ B(p1 + p2) ’

where
Q = 128°p0p3+128°p3 p5 + 3687 oS pi + 12087 3 p3 + 128°pf 05 + 848°p7 i + 748°pi p3
+ 33802 + 395 p3 — 625°p1p3 + 95 % + 1115 pip2 — 335" p3 — 1425}
+243%p% + 998°plpa — 1898°p}p3 + 188%p] — 38°plpy — 758 p1ps — 24Bp3p2 — 3p7
+ (p1 = p2). (5.13)

This expression corrects several mistakes in Eq. (11) of Ref. [107] (which however gets the correct
numerical result) and yields the 3rd entry of Table

(0,3) (0,3) 2
SEP WP 0272 <O‘> 0.0055304 = 0.150897 meV. (5.14)
Y

This numerical value agrees with Ref. [105] within the significant digits given in this reference.

5.1.4 Static potential (vacuum polarization): §E; ~ O(m,a”)

The first four entries in Table[5.5are the contributions to the Lamb shift associated to the electron
VP corrections to the static potential V(). Specially difficult is the 4th entry, as it corresponds
to the three-loop static potential and to the third order iteration in perturbation theory. It was
computed (numerically) in Ref. [101] (see also Ref. [108] for a small correction). It can be split
into the following contributions:

(0,4)
SE)YP = m,a®Z20.002694 = 5.295 x 10~°meV. (5.15)
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5.2. Corrections from the 1/m,, potentials without vacuum polarization

The contribution from 2nd order perturbation theory yields Ref. [101] (this result includes all

permutations):
(0,2) (0,3) (0,3) (0,2)
SEYVF W s v T o 05 220.00109562 = 2.153 x 10~ %meV. (5.16)

And the contribution from 3rd order perturbation theory reads Refs. [101}|108]:

0,2 0,2 0,2)
V< )XV\(,P )XV\(/P

SE, VT = m,a’Z%0.0000377 = 0.0741 x 10 3meV. (5.17)

The sum of the above three terms gives the final contribution:

3
SEES" = 01stm 2% (3] = 000752mer 519

which is the 4th entry of Table The computation has been done independently for a time-
like (¢> > 0) and a space-like (¢ < 0) momentum of the photon. This last one involves the
integration of the whole VP function II(¢?) to the desired order, and the other involves just its
imaginary part evaluated at ¢® = t m2.

0.4)
5.1.5 Static potential (light-by-light): 5EZ““L ~ O(m,ad)

The 5th entry of Table corresponds to the contribution associated to the light-by-light cor-
rections to the static potential V), i.e. to Vipr, (see Eq. ([#14)). It was obtained in Ref. [102],
where a very long explanation was made to argue that the light-by-light contributions could be
computed in the static approximation. This is evident in the EFT, as they correspond to a
correction to the static potential, as already stated in Ref. [60].

The result for this contribution, given in Ref. |102], is

(0,4)
6EZLbL — —eré522 10—3 [(Z]% + 22)05]_85 — ZpZM05852}

= —m,a°0.000452 = —0.00089(2) meV. (5.19)

5.2 Corrections from the 1/m, potentials without vacuum polar-
ization

We jump directly into the V@ potential, since we already discussed that the V1) potential
produces corrections of, utmost, @(m,a’) and are then beyond the accuracy of our interest.

We now compute the corrections to the energy and Lamb shift associated to the potentials in
Egs. (4.24) and (4.25) to O(m,a®). In other words, we compute the relativistic corrections that
are not associated to the VP.

61



Chapter 5. The muonic hydrogen Lamb shift and the proton radius

5.2.1 Relativistic corrections: dE; ~ O(m,a*)

The potential in Eq. (4.24)) is the EFT generalization of the Breit potential. Note that it is in
2

this potential where the hadronic corrections arise at (’)(mroﬁ%) (we will consider them in more
D

detail later on). The energy associated to this potential for any given quantum numbers reads

v _mpZial (m) (v (1 —13ip)
E tree __ 7‘7 Z 14 Z pw) \L—00)
0 nljju — 2n3mi { pCh 00 + Zpcg I+ D2+ Gl
m 1 (1+4”5lo—3> ? ()( (1 — 810)ds1 8 )
22 g ter 260 + 2610,
" mp( (n+ 2041 teper 2l(l+1)(2l+1) lo+3lo 1
(1 = dipo) ) )
+ m (ZpCF dju»l + ZHCF (th,l551 — d]ﬁ,l)))
my, (1 —di0)
+ WJQD ( pc(g)dlo + Zﬂcg’)m (2(551hj7l — d]’ml))
3Z3 3 1 d d(N) d("')
™ m2 mp m2 m2
where
l+1 .
e
Ci =241 j=1, (5.21)

_2/? j=1+1,

—(+1) j=1-1,

hji =4 -1 i=1, (5.22)
l j=1+1,
—(+1) j1=1-1,

djy 1 = z( ) J.l_ 2 (5.23)

The energy has been expressed in terms of the total angular momentum J = L + S (where
S =S, +Sp) and in terms of the angular momentum of the muon J,=L+S,,. The basis is taken
in terms of the lightest particle because it is the most convenient in which to express the energy
shift. This is so since the lightest particle gives rise to larger effects in the terms which involve
the ratio of the masses, and this comes out more clearly when using this basis. In our notation,
the ill-defined quantity (1 — d;0)/l — 0 when [ — 0.

In the last line of Eq. (5.20]) we have still included the contribution associated to the tau VP.
As its numerical effect is very small we will neglect it in the following.

5En;;§e encodes all the O(m,a*) corrections to the spectrum due to the 1/ m2 It also includes

higher order effects through the O(a) terms in the NRQCD Wilson Coefﬁments If we set them
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5.2. Corrections from the 1/m,, potentials without vacuum polarization

to zero, we obtain the non-trivial leading-order contribution:

V(z) 323a4 (1 o 510)
6E tree __ 7' Z(S Z -
"t = 2n3m? { R S IO

1 1+ 4060 —
+2ml‘<Z<+(+)l03)
my n 20+ 1

had (1 — d10)ds1 )
+ZulZptr )<25(z+1)(2z+1) 25“’*35’0‘551

(1—di0) had
m (Zd]wl + ZM(Zp -+ Kp )(th,lésl — d_]ﬁ,l)))

2

m#(z 7 (7. 1 9had & 92 . )
g \ 200+ 2l 28 i (2661150 = di)

4 5 5] T 1 /m.Za\?
+ |:3Tpmp:| %Zuél(); < n > . (524)

We shall also take into account the correction to this order in a coming from the perturbative
expansion of the relativistic kinetic term, i.e. from Eq. (4.35)), which leads to the energy shift:

(-5 (3)) G

Summing up the contributions of Eqs. (5.24) and (5.25) we get for the transition of the
251/2 5 2P1/2 states:

3z4a4

sEV*Y = Ir2 2
2m3

(5.25)

(2,1)

3 4z4 4232 4 2
SEV®Y L spy®0 2 e 2 T 2 2y {ﬂmg] = (0.05747— 519752 | meV. (5.26)

48m[2) 16m]2, 3P fm?2

The first term agrees both analytlcally and numerically with the one obtained in Ref. [105].
We shall remark that it has an extra —% suppressmn factor, which was to be expected since this

correction does not contribute for the case of the hydrogen (in the infinite proton mass limit).
The 2nd term is the leading contribution associated to the proton radius. Both contributions
appear as entries vi) and xi) in Table

5.2.2 Relativistic corrections: dE ~ O(m,a?)

We now compute the O(m,.o”) contributions to the spectrum with no electron VP. As we have
already mentioned, this is a well defined quantity, as it amounts to the corresponding evaluation of
the muonium (ue) spectrum (if we turn off the hadronic effects). Taking the O(m,.a°) corrections
generated from Eq. (typically generated by the O(«) corrections of the NRQCD Wilson
coefficients) plus the energy shift produced by the expectation value of Eq. , we obtain
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Chapter 5. The muonic hydrogen Lamb shift and the proton radius

(note that this computation has been done in the MS scheme)

v (22 m3Z3a5 (ZZ2 (4 [ 2 m? 1—0d.0
E no—VP — r 12 - _ =z 1 3 B .
OB, 273 { m2 \3\ 5 H U7 B R T oy
7227 (4 2 m? -5
i i 5 W0 (26,1hj; — d;
g <3< A ( “]*( PO 1) ettt ~ i)

(2
1 14 1-9
222 222 2 Z3 had 5 2 1,0
Ty ( ( + . R TS N IOT

14 1 2am 8
+ ?ZQCSLO (1_n+251( )+21n( T) +§ ZZQ+ZZQ+Z3 had) 53’15170
1 -0 1 2 2 3 had
—— | = (ZZ 77 73 had)) g .
- (1+1)(20+1) (2( p T Ly T Lk ) 5,164l

2726 my, (1 m?
2 2 2 1,0 D i
-+ 2ZZp5571hj,l =+ Z(Z Z )d]l“ )) + W (M (3 =+ ].n <1/2>)

B P
2 2

my (1 my, my, 8Zp 4y

— 1 1 — 40 - 0,
Ty (3* ( ))* “(m%)“ ’”) t5mz ¢

323 3 1 dhad
e 1 l 5 (4 (3 - 40,1)ch) + 1672 (5.27)

™ mp mp

where S1(n) is the n harmonic number defined in Appendix |[Al Note that in this expression the

hadronic corrections that scale as a?: ¢34, chad and adj?? are also included, as they also produce

an m,a° energy shift.

5.3 Ultrasoft effects: dE; ~ O(m,a”)

Figure 5.2: Correction due to ultrasoft photons.

The interaction of the bound state with ultrasoft photons (symbolically pictured in Fig.
produces an energy shift of O(m,a%). It has been computed in the MS in Refs. |57,/58] for the
case of hydrogen and positronium respectively. The application to muonic hydrogen is trivial, as
we only have to rescale for the reduced mass. On top of that we introduce the changes for the
case of particles with general charges Z,,, Z,. Finally, the energy shift reads (in the MS scheme)

2
sEYS = 2 [ Zump t Dyt ) (m” +2 I 2) ZeZ) e OF
n T3 my +my T my 6 2 m2

my
- n_En’l T o 1
> l(nl )n\En—En/|>

n'#n



5.3. Ultrasoft effects: 6Ep ~ O(m,a”)

T‘Z4 5 Z 4 2 4 TZQ 2 1
= M2 @ ( ump + pm/‘) (5170 (-3 <1nR(n,l)+lnm @ )+0>

3
n3m my +my v 9

_ - 5170)2 In R(n, l)) , (5.28)

3
where |¢,(0)]> = 1 (M> and In R(n,l) are the Bethe logarithms and are implicitly defined

m n

by the equality with Eq. . For their numerical values for the 25 and 2P states we have
used the values quoted in Ref. |105].

We observe that (5ET[LJZS is factorization scale dependent. Such dependence cancels with the
scale dependence of Eq. (5.27). The sum of both contributions gives all the O(m,a”) corrections
to the spectrum that are not associated to the electron VP:

(2,2)
0O(a®),no—VP . Voo 3p US
5Enljju = 5Enljju +0E,;, (5.29)
and is independent of the factorization scale. It can also be split into the different hadronic
contributions, associated to the fact that the proton is not point-like, and the O(a®) contribution

to the spectrum of two point-like particles (relevant for muonium) in the following way:

O(a®),no—VP _ O(a®),no—VP O(a®),no—VP 0O(a®),no—VP 0O(a®),no—VP
SESS = OB e + OB T 4 B T 4 B Y (5.30)

Similar equations follow for the Lamb shift energy splitting: 5E[(:)(a5),no—VP’ although in this

last case the contribution proportional to ch*d vanishes, since the spin-dependent term does not
contribute to the average energy over polarizations.
The above computation keeps the complete proton and muon mass dependence. It is inter-

5) no—
esting to see the convergence of the m,/m, expansion. We do so for (5Ef§ir)1’tnfhkzp, which has a
non-trivial dependence on this ratio. The first orders of the expansion in this ratio can be found

in Table where one can observe a clear convergence.

O(mua®)m | ot
n=>0 —0.900 meV
n=1 0.226 meV
n=2 —0.054 meV
n=3 0.010 meV

O(a®),no—VP

Table 5.1: Diferent orders of the expansion in % for 5EL’point7hke .

v
Summing up to all orders, leads to the following O(a®) energy contribution to the Lamb shift

OE e = —0.71896 meV, (5.31)

which corresponds to the 7th entry of Table This result is very similar to the one computed by
Pachucki’s Ref. [105], where these effects sum up to E(2P; /5 — 25 /5) = —0.663 —0.045 — 0.010 =
—0.718 meV at O(m,a”). The difference between both computations is the inclusion of the Tau
VP plus a finite term proportional to 1 /mz in our computation. The latter is due to the fact
that Eq.(51) in Ref. [105] is only computed with logarithmic accuracy, i.e. the finite terms are
missing.
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Chapter 5. The muonic hydrogen Lamb shift and the proton radius

5.4 1/m? hadronic corrections: (E; ~ O(m,a’)

We now consider the hadronic corrections. The energy shift associated to the hadronic VP can
be fully obtained from dispersion relations (Ref. [66]) and reads

had
L,d3* m2 2

5EO(a5),n07VP _ 16OZZd121ad <erOé
p

3
) = 0.0111(2) meV, (5.32)
which corresponds to the 14th entry of Table
had

Now we will focus on the energy shift associated to ¢3¢, i.e. the hadronic contribution of
TPE. Using the value found in Eq. (2.32)) we obtain

had 3
0@)no—vP 321 (m,Za
SETPE = 5EL’E:§;,;3 oVP — ;—5; ( s ) = 0.0344(125) meV, (5.33)

which corresponds to the 15th entry of Table The energy shift associated to the TPE
is typically split into its Born and polarizability contributions. For ease of comparison with
previous results we compute it in the same way (see discussion in Chapter . Now we present
our results each contribution and compare them with other determinations.

First we obtain the Born contribution to JEFTE | from the EFT.

€3 Borm 1 [(Mya 3
SEL™ = m;;:“ﬁ( 5 ) : (5.34)

We quote our results in Table The pure chiral result was already obtained in Ref. [60].
The & A result corrects the evaluation made in that reference due to the error in its Eq. (61).
Note that the new result is much more convergent, since the correction associated to the Delta is
much smaller. On the other hand our result is now much more different with respect to standard
values obtained from dispersion relations. We quote two of them in Table One may wonder
whether such difference is due to relativistic corrections. An estimate of the relativistic effects can
be obtained from the analysis made in Ref. [105], which, however, is based on dipole form factors
parameterizations. The difference between the relativistic and NR expression was found to be
small (~ 3ueV). It should be checked that this feature holds with different parameterizations.
If so, the difference seems to be mainly due to the computation of the Zemach correction (see
Table and the discussion above).

ueV | DR Ref. [109] Ref. [110] | HBET Ref. [60](7) (7&A)
SEPom 93.2(1.0) 24.7(1.6) 101(5.1) 8.3(4.3)

Table 5.2: Predictions for the Born contribution to the n = 2 Lamb shift. The first two entries
correspond to dispersion relations. The last two entries are the predictions of HBET: The 3rd

entry is the prediction of HBET at leading order (only pions) and the last entry is the prediction
of HBET at leading order and NLO (pions and Deltas).

We now look at the contribution from the polarizability term. The pure pion contribution
was already found in Ref. [61], which we confirm. Our full prediction including the Delta effects
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5.4. 1/m? hadronic corrections: 0EL ~ O(m,a”)

1 3
5EE°1 — Spol (mga) = 18.51(w—loop) — 1.58( A—tree) + 9.25(rA—loop) = 26.2(10.0)ueV .
(5.35)

In Table [5.3] we compare our determination with previous results. Most of them are obtained
by a combination of dispersion relations plus some modelling of the subtraction term that we
discuss below. The analysis of Ref. [72] has a different status. In this reference the polarizability
correction was computed using ByPT with only pions. Such computation treats the baryon
relativistically. The result incorporates some subleading effects, which are sometimes used to
give an estimate of higher order effects in HBChPT. Nevertheless, the computation also assumes
that a theory with only baryons and pions is appropriate at the proton mass scale. This should be
taken with due caution. Still, it would be desirable to have a deeper theoretical understanding of
this difference, which may signal that relativistic corrections are important for the polarizability
correction. In any case, the BYPT computation differs of our chiral result by around 50% (this
means around 1.5 times the error we use for the chiral contribution, once the Delta is incorporated
in the calculation), which we consider reasonable.

We now combine the contribution from the Born and polarizability terms and summarize our
final results for §ETPE:

SETTE = gEPO™ 1 §EPO' = 28.59(7) + 5.86(n&A) = 34.4(12.5) eV . (5.36)

We would like to emphasize that this result is a pure prediction of the EFT. It is also the most
3

5 AT” ) effects
QCD

are not controlled by the chiral theory and would require new counterterms. Our number is only
marginally bigger than JETF® = 33(2)ueV Ref. [73]. This number is the one used in Ref. [20]
for its determination of the proton radius. It is obtained as the sum of the elastic and inelastic
terms from Ref. [110] and the subtraction term from Ref. [73]. Note that this evaluation is model
dependent. Even though the low energy behavior of the FVCT was computed to O(p?), this
does not reflect in an improved determination of the polarizability correction, since an effective
dipole form factor is used, not only at the p mass scale, but also at the chiral scale. This
problem also introduces a model dependence in its error estimate. Other existing determinations
Refs. [109-111] yield quite similar numbers but suffer from the same systematic uncertanties. In
this respect our calculation is model independent and have completely different systematics. The
fact that we obtain similar numbers gives further significance for the reliability of the proton
radius determinations obtained in Refs. [20,/44]. On the other hand, one should not forget
that the individual contributions are quite different, and the reasons for that should be further
investigated. Yet it is quite remarkable that the total sum gives such similar numbers. Therefore,
as stated above, the reason for such large discrepancies should be investigated. In the mean time
we will stick to our model independent prediction from the effective theory.

precise expression that can be obtained in a model independent way, since O(m o

It is also worth discussing the LEX approximation used in Ref. [72]. This approximation
consists in setting gg = 0 everywhere except in the denominator in Eq. (3.46[). For the pure chiral
result, this approximation works remarkably well (18.51(exact) vs 17.85 (LEX)). Nevertheless,
such success does not survive the incorporation of the A particle. For the Delta tree-level contri-
bution we find (-1.58(exact) vs 0 (LEX)). The real problem appears from the one-loop pion-Delta
result. For such contribution there are 1/qo singularities in the tensor that only cancel if the
complete expression is used. Doing the LEX approximation leads to divergent expressions. Even
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Chapter 5. The muonic hydrogen Lamb shift and the proton radius

more worrisome is the fact that, at present, there is no theoretical justification for using the LEX
approximation for the integral in Eq. . It is not correct to assume that the photon energy
that appears in the integral, qg, corresponds to the energy in the atomic system. It rather reflects
virtual fluctuations of order of the pion and muon mass (as well as of the A scale). Since those
particles are relativistic at those scales it is theoretically incorrect, a priori, to neglect go. In any
case, on the light of the good agreement for the pure chiral case, it would be interesting to see
whether one could find a theoretical justification for such behavior.

DR + Model BxPT(r) | HBET(7) (n&A)
Ref. [109] Ref. [111] Ref. [110] Ref. [112] | Ref. [72] | Ref. [61]  Ref. [44]
SEP (peV) 12(2) 11.5 7.4(2.4)  15.3(5.6) | 8.2(T32) | 18.5(9.3) 26.2(10.0)

Table 5.3: Predictions for the polarizability contribution to the n = 2 Lamb shift. The first four
entries use dispersion relations for the inelastic term and different modeling functions for the
subtraction term. The number of the fourth entry has been taken from [72]. The 5th entry is the
prediction obtained using BxPT. The last two entries are the predictions of HBET discussed in
this paper. The Gth entry is the prediction at leading order (only pions) and the last entry is the
prediction at leading and next-to-leading order (pions and Deltas).

The subtraction and inelastic terms in Egs. and are individually divergent. If
we set the ultraviolet cutoff in Eq. to the p mass, v = m,, the energy shift of each term is
one order of magnitude bigger ~ —11.37 ueV than the exact result for the sum. Obviously such
contribution is fictitious and may alter the value of the individual terms. On the other hand it
is possible to perform this splitting for the case of the pion and pion-Delta loop. We obtain the
following:

6E2“b(7r—loop) = —1.62 peV ; 6Ei“b(7rA—loop) = —1.23 peV. (5.37)

They are of the same magnitude. Their size is barely one order of magnitude smaller than the
total polarizability term. For the case of the pion loop it is possible to obtain analytic expressions
in the limit m, = m,, which is a rather good approximation:

2 5 3
SES™ (7—loop) - —%% (—14 3G — 2In2) = —1.40 peV, (5.38)
Mp=my ™ g

where G >~ 0.9160 is the Catalan’s constant. For these quantities the LEX approximation works
quite well, both for the pion and the pion-Delta loop case. We ﬁndﬂ

OB rx(m—loop) = ~1.23 ueV'; 65 Px (rA—loop) = —0.91 peV, (5.40)

which is again asking for a theoretical explanation of this relatively good agreement.

For comparison we show different values obtained for the subtraction and inelastic terms
obtained in the literature in Table 5.4

'For m, = m, an analytic expression can be found for the pion-loop case, Ref. [72]:

2 5 3 1
SE; P px (m—loop) = _J42 Ty Tor (f —G+1In 2) = —1.08 peV. (5.39)
fhEX 6472 F2 m, \2

mag=my,
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5.5. 1/m? electron VP corrections: 0EL ~ O(m,a”)

(ueV) | Ref. [109] Ref. [111]  Ref. [110] Ref. [73]  Ref. [112] | Ref. [72]
SESP | 1.8 —-2.3 —5.3(1.9) —4.2(1.0) 2.3(4.6)V 3.0
SEpel 13.9 13.8 12.7(5) - 13.0(6) 5.2

Table 5.4: Values for the subtraction and inelastic terms that one can find in the literature.
() This number is the adjusted value of Ref. [112)], given in Ref. [72].

5.5 1/m? electron VP corrections: JE ~ O(m,a”)

We now compute the O(m,a’) energy shifts associated to the electron VP. They are produced

by 2nd order NR quantum mechanics perturbation theory of V\S%2) ~ o?/r, together with the

VED ~ a/m? and VGO ~ 1/m? potentials, as well as by the correction due to the V\%2) ~

a? /m? potential. This sum constitutes a well defined set, as it can be parametrically distinguished
from other contributions (formally through the number of light fermions). The energy shift then
reads

(2,2) (2,1) (0 2) (3,0) (0,2)
SENVE o) WY sV
= VR ) + 2 (VD + VOO o i3 ) (5:41)
n
For the Lamb shift corrections we obtain the explicit expressions
v ao u(q?)
SE, VT 3 / dg*2 5.42
= (m, 20y S [T gt (5.42)
1 (2, 2B 1+ 2Bq )(1+28g(1+Bq)  Z 1+28q
2 mi m% 1+ Bq)* mumy (14 Bq)?
Z 3 1 i
Zr Py + = — (0.027714 + 0.0112_2; | meV
3 mump Bq +1)3 fm
+ 0(a®)
6EV\</%2)><V(2 1 N 5E):/\§%2>xv(3»0> i Za)? e aa / L

m. (2  Z 4 (1 + 3¢*8%) 1
X{6<mi+m§> <_ (1+gpB)* ln<1+q5>

16+ 6dg5 + 53¢23% + 814333 + 24q454> L Z ( 1+ 4¢%5° < 1 >

4(1+4¢pB)° mumy \ (1+¢8)*  \1+4¢B
(3+11¢8) 1 +¢®8)\ | 1 (2ol | ZucB\ [ 341198 + 48 + 12¢°8° + 44" B*
4(1+ ¢pB)° 2\ m2 m2 4(1 + ¢B)®

1+ 223 1 Zy () 3+ 1198 +44°8° 1 ()
L n <1+qﬁ>> 3 <2m2 " mumy, )\ 41+ gB) ML
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Chapter 5. The muonic hydrogen Lamb shift and the proton radius

7“2
- <0.046473 ~0.016953 L5 | meV + O0(ab). (5.43)
m

For this last result we have used Eq. (5.8)). Summing up both contributions, Egs. (5.42)) and
(5.43), we obtain

(2,2) (2,1) (0,2) (3,0) (0,2)
SE 4oE, W g e
?"2 7“2
= m,a®0.0095460 — m,a’ 0.01433 L5 = { 0.018759 — 0028215 | meV. (5.44)
m m

As we have already stated, this sum constitutes a well defined set, as it can be parametrically
distinguished from other contributions (formally through the number of light fermions). This is
also so for each individual term in the last equality in Eq. . The first term corresponds to
assuming the proton to be point-like (switching off the proton radius contribution) and gives the
viii) entry in Table This contribution was first computed in Ref. [105] and later corrected
in Refs. [113|[114]. Nevertheless, a different number has been obtained in two recent analyses
Refs. [104}[115]. We confirm this last number, which is the one we quote in Table [5.5]

The term proportional to the proton radius in Eq. (5.44]) emanates from the coefficient C%)). It
corresponds to the xi) entry of the table and it is in agreement with the result found in Ref. [105].

5.6 O(m,a’ x In) effects

The first eight entries in Table give the complete O(m,a) result for a point-like proton. In
this result we have kept the exact mass dependence. The O(m,a’) contribution is dominated
by the logarithmic enhanced terms. Here, we compute the leading ones. We assign a general
counting of m,/m, < Ina ~ In(me/m,). Therefore, we only compute those contributions at
leading order in the m,/m, expansion, i.e. those where the proton is infinitely massive. If we
switch off electron VP effects (i.e. we switch off the interaction with the electron) the system
corresponds to the standard hydrogen situation, which has no O(m,a%In«) effects. Actually,
this is also true if we consider the case of muonium (with finite recoil effects), which again has
no O(m,a%1n a) effects. The reason is that the sum of all possible contributions vanishes for the
case of the Lamb shift, since the effective energy shift, Ref. [116], is

6Enls = gm?];’:&ia In a (531 — 4) ﬁ’ (545)
which vanishes for the Lamb shift (for simplicity we set Z, = Z, = 1 in this section). Therefore,

we can actually claim that all the O(m,a® In «) logarithms are generated by the electron VP (for
a point-like proton). Note that this would also be true if we consider proton-recoil corrections. In
any case, as we have already mentioned, here we only consider the infinite proton mass limit. In
this limit, for a point-like proton, only two contributions are produced (both of them generated
by electron VP effects), listed in the the ix) and x) entries of Table which we now discuss.

The 9th entry is due to the logarithmic-enhanced O(a?) corrections to the C%) Wilson co-

efficient (see Eq. (2.19))) that appear in the tree-level potential (see the cg)—dependent term of
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5.6. O(m,ab x In) effects

Eq. (#.24)). Tt produces an o/ mixlogarithm—potential, the expectation value of which gives the
following energy shift to the spectrum

mfio/‘ C(u)
0B = 515500 : (5.46)
H O(ab1n)
and to the Lamb shift
SE;, = —m,a®0.08885 = —0.0012741 meV, (5.47)

which is the number that we quote in the 9th entry of Table [5.5]

The 10th entry in Table is generated in the same way as the 8th entry but multiplied by
the (logarithmic enhanced) O(«) term of C%)(V) (see Eqgs. 1’ and ):

vz aa [ Su(g? M4 28¢)(1 + 2Bq(1 + Bq
5ELVP — —(mroz)g——/ d 2 (2 )% {( )( 4( ))
O(ab) 167 Ja q my (1+ Bq)

4B%* + 1283 +46%° + 118¢+3 4 (2% + 1)In (757
(Bq+1)° (Bq+1)*

O(ab1n)
(5.48)

The v dependence gets regulated by the ultrasoft scale, which we set to v = mMaQ, producing
the number

(2,2)
5B,V = —m,a’0.31644 = —0.004538 meV, (5.49)

O(ab1n)

which we quote in the 10th entry in Table

Both computations were considered before in Ref. [105]. We agree with them for the significant
digits given in that reference. It is also interesting to see that both contributions can be under-
stood from a renormalization group analysis in some appropriate limit Ref. [117]. This analysis
also gives us information on the logarithmic structure of the recoil, m,/m,, corrections. At this
order extra logarithmic terms appear. Nevertheless, they are at most linear: O(muaﬁ% In ),

i.e. there are no O(mTQG% In? @) terms, contrary to the claim in Ref. [104].

For a point-like proton this computation would finish our analysis. The error would be due
to uncomputed contributions of O(m,a’%) and O(mroﬁ% Ina). In Refs. [107,/118] several terms
of this order were computed. We use these analyses to estimate the error.  Specially useful
to us are the (a) and (d) entries in Table IV of the last reference. They are related with the
large logarithmic contributions discussed above but also include some finite pieces. We take the
difference with the pure logarithmic terms for the generic O(m,a%) error. Taking instead 1/2 of
the sum of the 9th and 10th entries yields a similar error: ~ 3 peV. This is the error we quote in
the first term of Eq. , which encodes all the QED-like contributions assuming the proton
to be point-like.

We now consider the O(m,a®Ina) correction associated to the proton radius. It scales like

O(mya®Ina x m?r2) and has been computed in Ref. [119]. Such effect would be generated by

the 2nd order perturbation theory of the delta potential (note that a similar effect would also
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Chapter 5. The muonic hydrogen Lamb shift and the proton radius

exist in the analogous hydrogen computation). The infrared behaviour of this computation would
be regulated by the inverse Bohr radius generated by the bound state dynamics, ~ m,a. The
ultraviolet behaviour gets regulated by energy scales of order m, ~ my. This produces the large
logarithm: In((my,a)/m,) = Ina. The explicit correction reads

2

2 3.3
= [mro‘ (5.50)

oFE; = —
L 237

3 ] rzag Ina = —0.0014

"
fm2’

and it is listed in the 13th entry of Table We use 1/2 of this result for the error of the 7“12)

coefficient in Eq. (5.51)).

i) O(mra?) v Eq. (5.9) | 205. 00737

i) O(myat) v Eq. (5.11 1. 50795
iii) O(myat) v Eq. (5.14 0. 15090
iv) O(mya®) v Eq. (5.18 0. 00752
v) O(m,a?) v Eq. (5.19) | —0. 00089(2)
vi) O(mya x k) VD 4y 60 Eq. (5.26 0. 05747
vii) O(mya?) V22 4 ultrasoft | Eq. (5.31) | —0. 71896
viii) O(m,a®) Vi) v @D % | Bq. (5.44 0. 01876
ix) | O(mya®x () v 3); ) Eq. (5.47) | —0. 00127

X) O(m,ab x Ina) V\%g);c%‘) Eq. (5.49 —0. 00454
xi) O(mya* x m2r2) V@D )2 Eq (5.26) | —5. 19745;;1—32
xil) | O(mpa® x m2r2) VD D, p2 Eq. (5.44) | —0. 028152
xiii) | O(myabIna x mzr}%) ‘/(273);05:1;);7“}22 Eq. (5.50 —0. 00136%
xiv) O(mya® x Z‘Tg) Vi sdyd Eq. (5.32 0. 0111(2)
xv) O(m,a® x ”m%%:) V), chad Eq. (5.33 0. 0344(125)

Table 5.5: The different contributions to the Lamb shift in muonic hydrogen in meV units.

5.7 The proton radius

Summarizing all contributions, our final prediction for the Lamb shift reads

. 7“2
AFthiswork [206.070(13) - 5.2270(7)ﬁ£2] meV (5.51)
7,2
= [206.0243(30) - 5.2270(7)fm—f”2 + 0.0455(125)] meV . (5.52)

In the last equality the first term is the pure QED result, and its error is the estimate of the

O(m,a®) effects. The error of the coefficient of the term proportional to rg is the estimated
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5.7. The proton radius

size of the O(m,a®(m,ry,)?) terms. The last term encodes the r,-independent hadronic effects.

3
The error is the assigned uncertainty due to unknown terms of (’)(muoﬁ%). Using Eq. (1.1)) we
obtain
rp = 0.8412(15) fm, (5.53)

where the theoretical and experimental errors have been combined in quadrature. Nevertheless,
the latter is completely subdominant with respect to the total error, which is fully dominated by
the hadronic effects.

Our central value is basically equal to the one quoted in [20] (even though some individual
terms are quite different) but has significantly larger errors. The main reason is that the error
associated to the two-photon exchange contribution is larger in our case, as it is the most one
can do without model dependent assumptions. Nevertheless, we emphasize that with our model
independent analysis, which yields a 6.80 discrepancy with respect to the CODATA value, we
give a model independent significance to the proton radius puzzle.
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Chapter 6

Conclusions

In the first part of this dissertation we have established the necessary pNRQED terms that allow
us to determine the Lamb shift in muonic hydrogen up to uncomputed terms of O(muoﬁ%, muaﬁ).
Most importantly, for the relevant four-fermion Wilson coefficients, we have performed tth match-
ing of HBET to NRQED. The hadronic part of these coeflicients arises from the TPE. In order to
obtain it, we have computed the FVCT at leading order including the contributions of the pion
and the Delta particle. This allows us to obtain a model independent prediction of the muonic

hydrogen Lamb shift.

We have computed the spin-dependent and spin-independent structure functions of the FVCT
of the proton at O(p?) in HBChPT including the Delta particle. We include it not only because
the Delta is the closest resonance to the proton (see [29]), but also because in the large N, limit
the Delta and the proton become degenerate in mass |32]. Moreover, we have given D-dimensional
expressions for these functions. Those are relevant for future higher order loop computations.
We have compared our results with previous computations. The D = 4 expressions for the spin-
dependent structure functions were computed in Ref. [63]. We agree with their results. The
D = 4 expressions for the pure chiral (without Delta contributions) spin-independent structure
functions were computed in Ref. [61]. We agree with their results too. The Delta-associated
contributions to the spin-independent structure functions are computed in this work for the first
time. We also profit to present all these results obtained throughout the years in a unified form.

We have used these results to determine the leading chiral and large N, structure of cgli and
cili, or, in other words, to determine their non-analytic dependence on m, and N.. The fact that
we have full control over the quark mass dependence makes our result very useful for eventual
lattice determinations of these quantities. In lattice simulations, by fine tuning the mass we can
identify the results obtained in this work and up to which mass the chiral is a good approximation.
One could also vary N, to check how well the large- N, approximation works.

These Wilson coefficients appear in the hyperfine splitting (spin-dependent) and the Lamb
shift (spin-independent) in hydrogen and muonic hydrogen. The relevant Wilson coefficient for
the Lamb shift, cgli, is chiral enhanced. Therefore, the O(p?) chiral result is a pure prediction
of the effective theory, which we use to determine Eq. (5.36)), the energy shift associated to the
(hadronic) TPE of the Lamb shift.

We would like to emphasize that Eq. is the most precise expression that can be obtained

3
5 Am“ ) effects are not controlled by the chiral theory

3
QCD
and would require new counterterms. Our final number is quite similar to previous estimates

in a model independent way, since O(m, o
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Chapter 6. Conclusions

existing in the literature. Nevertheless, those computations require the splitting of the TPE con-
tribution into different terms. Such terms are then computed using different dispersion relations,
except for a subtraction term which requires modelling of its Q? dependence. In contrast, we have
used the same method for all computations contributing to our result, yielding a parameter-free
prediction. On the other hand, one should not forget that the individual contributions we obtain
are quite different to other determinations, and the reasons for that should be further investi-
gated. In this respect we have discussed what the effective theory has to say about the separation
into Born, polarizability, inelastic and subtraction term. The Born contribution is related with
the Zemach moments. We profit of our computation to give the prediction of the effective the-
ory for some charge, (r"), and Zemach, (r")) moments. To finalise the matching of HBET to
NRQED, we have also discussed the chiral dependence of the spin-dependent four-fermion Wilson
coefficient, cili, and obtained the relation between ¢} and ¢} given by the effective theory.

All the contributions to the Lamb shift considered here are listed in Table [5.5l Their sum
produces the theoretical prediction for the Lamb shift in Eqs. —.

The first ten terms in Table[5.5|are those associated to a pure QED-like computation assuming
the proton to be point-like. Their sum comprises the first term in Eq. , and its error is the
estimate of the O(m,.af) effects.

As a by-product of this computation, we give in Appendix [E| the exact O(m,a®) expression
for the muonium spectrum, keeping the complete mass dependence. It can be easily deduced
from our muonic hydrogen computation by changing m, — m, and m, — me, and setting the
hadronic coefficients, dj, and the electron VP effects to zero.

The second line in Eq. encodes all the corrections proportional to the proton radius,
entries x)-xiii) in Table 5.5, The error of the coefficient of the term proportional to r% is the

2,.2

estimated size of the O(m,af(m>r7)) terms.

The last term encodes the rl%—independent hadronic effects. The error is the assigned uncer-
3
tainty due to unknown terms of O(mroﬁ%).
P
We emphasize that a partial incorporation of subleading corrections in « to the above expres-
sion will not improve the precision of the result (unless arguments in favor that such contributions
dominant are found), as the uncertainty is still dominated by unknown parametric terms of order

m,a®. For an account of some of such corrections see Ref. [120].

In order to obtain Eq. , the first and last term of Eq. have been added and their
error combined in quadrature. This, together with the experimental result in Eq. , yields
the value for the proton radius quoted in Eq. , where the theoretical and experimental
errors have been combined in quadrature. Nevertheless, the latter is completely subdominant
with respect to the total error, which is fully dominated by the hadronic effects. In this respect
it is also convenient to present our result in the following way

AFEr = 206.0243 meV

1 m3a3 r2
B [ m;yo ] =525 [47.3525 + 35.1491a + 47.35250% In(1 /a) |
T 8 mp fm

1 m3043 1 had had
+ |j'[' T8 ‘| mi]% |:C3a + 167T04d2a
+0(m,a%). (6.1)

Note that since clgad ~ o? and a dgad ~ o2, the third line of the previous equation encodes all

the hadronic effects unrelated to the proton radius of order m,a®. This presentation of the result
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where 7, and cgad are kept explicit could be important for the future. In the long term (once the

origin of the proton radius puzzle is clarified) the natural place to provide the value of the proton
radius is the hydrogen Lamb shift while, since cgad is suppressed by an extra factor of the lepton
mass, it should be best determined in muonic hydrogen. In this scenario a complete evaluation of
the O(m,a®) term may improve the precision of an eventual experimental determination of cgad.
Note that throughout this discussion we assume that we can determine d3*¢ from alternative

methods, like dispersion relations.

The value for the proton radius that we obtain is 6.8¢0 away from the CODATA value. This
quantifies, in a model independent way, the significance to the proton radius puzzle. In the near
future several experiments will take place in order to shed some light on this long-standing issue.
On the one hand, looking for measurements at lower momentum and to clarify the aforementioned
problems with the ep-scattering data, various scattering experiments will take place: MAMI [121],
JLAB [122], MUSE |123]. On the other hand, the puzzle may be related to problems in previous
measurements of the hydrogen spectrum. Experiments as MPQ [124], Garching [125], Toronto
[126] or LKB [127] will get new measurements of different energy splittings. Finally, muonic
experiments are much newer and rare, presenting the need to both confirm the PSI muonic
hydrogen results and measure other muonic bound states. Theoretical understanding of nuclear
effects will be of primary importance for the interpretation of the next muonic measurements
which will deal with states such as muonic deuterium and muonic helium.
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Heavy quarkonium: the B, system
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Chapter 7

Introduction

In Part we established the appropriate EFT for systems bounded by the electromagnetic
interaction, and with it we computed the Lamb shift in muonic hydrogen and the proton radius.
We now move on to a similar but more complicated system. We want to study systems bounded
by the strong interaction, in particular, those formed by a heavy quark and heavy anti-quark (i.e.
heavy quarkonium) with different masses. The contents of this part of the thesis are based on
the work published in |128] by the author.

In analogy to the case of muonic hydrogen, the dynamical properties of quark-antiquark
systems near threshold (E ~ 2m) and with large quark masses can be obtained by solving
a properly generalized NR Schrodinger equation. The use of EFTs, in particular of pNRQCD
(Refs. [15129], for reviews see Refs. [103,{130]), allows us to quantify this connection, and to derive
the Schrédinger equation and its corrections from the underlying theory, in a model independent
and efficient way (see the discussion in Part . pPNRQCD exploits both the NR nature of the
problem and the wide hierarchy of the scales that govern the system:

m > mu > mo®- - (7.1)

where m ~ my; ~ ma ~ m, > Aqcp and v is the heavy-quark velocity in the center of mass
frame.

In this work we focus on the extreme weak-coupling limit mv? > Aqcp, where the EFT can
be summarized schematically by

(00 — £ = VO @) o(x) = 0
+ corrections to the potential pNRQCD. (7.2)
+ interaction with other low-energy degrees of freedom

Analogously to the QED case, a key ingredient in the EFT is the (heavy quarkonium) potential
that appears in the Schrodinger equation. The potential is expanded in inverse powers of the
heavy masses. At leading order in this expansion, i.e. O(m?), it consists of the static potential
V() Relativistic corrections are then further suppressed by inverse powers of the heavy quark
masses. The potential is obtained by matching NRQCD Refs. [14,|131] to pNRQCD. As we
discussed in Part [[ there are several ways to carry out the matching in practice. The most
common three are: on-shell matching, off-shell matching and Wilson-loop matching.

In the on-shell matching one equates S-matrix elements of NRQCD and pNRQCD order
by order in an expansion in the QCD coupling constant ag and the velocity v (~ ag in the
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extreme weak-coupling regime). The S-matrix elements are defined for asymptotic external quark
states satisfying the equations of motion (EOMs) of free quarks. This necessarily requires the
incorporation of potential loops, i.e. loops with internal momenta (kg,k) ~ (mv?, mv), in both
calculations, in order to carry out the matching. The reason is that the free-quark on-shell
condition produces an imperfect cancellation between potential loops in NRQCD and pNRQCD,
and mixes different orders in the 1/m expansion. This obscures the mass dependence of the
potential, as it invalidates a strict 1/m expansion for the determination of the potentials. In
other words, in the on-shell matching computation the potentials at a given order in 1/m also
receive contributions from matrix elements involving operators of higher order. On the other
hand, the on-shell matching result for the potential is gauge invariant (to a fixed order in v), as
so are the S-matrix elements.

In the off-shell matching one equates off-shell Green functions computed in NRQCD with the
corresponding off-shell Green functions in pNRQCD (still respecting global energy-momentum
conservation). In other words, external quark fields need not fulfil the free equations of motion.
This allows us to perform the matching within a strict 1/m expansion, since potential loops in
NRQCD and pNRQCD exactly cancel each other. Hence we can keep exact track of the mass
dependence of the resulting matching condition for the potentials. The drawback is that the
expression we get from the off-shell matching for the individual potentials may depend on the
gauge. The total expression for the potential, however, still yields of course gauge invariant
results for observables, in particular for the bound state energies, within the accuracy of the
computation. In addition, the potentials may acquire some energy dependence, of which one
should get rid by using field redeﬁnitions[]

In the Wilson-loop matching one equates NRQCD and pNRQCD Green functions which
are off-shell and gauge-invariant directly in position space. These Green functions are written
in terms of Wilson loops with chromo-electric/magnetic insertions. Working in position space is
obviously only a Fourier transformation and it is not the major difference with respect to the
previous matching schemes. The key point is that the time of the quark and antiquark fields
are set equal. This is not a restriction, and is in fact the natural thing to do for the heavy
quark-antiquark system near threshold. We also incorporate gluon strings between the quark
and the antiquark fields such that the whole system is gauge invariant. This description of the
potential in terms of Wilson loops is also valid in the strong coupling regime. The details of
how this matching is performed can be found in Refs. [42,/43]. In the static limit, it reduces
to the original computation of the static potential by Wilson in Ref. |[132]. The advantage of
this procedure is twofold: the matching can be done in a strict 1/m expansion with no need of
potential loops, and closed expressions in terms of the aforementioned rectangular Wilson loops
can be obtained for each potential. They are therefore explicitly gauge invariant. This makes
this procedure quite appealing. We will see that both the static potential and the relativistic
corrections can be efficiently computed using this method.

The heavy quarkonium potential is known with N3LO precision for the equal mass case in the
on-shell matching scheme since 2002 Ref. |[133]. Nevertheless, there are several reasons why we
would like to know the heavy quarkonium potential with N3LO precision for the unequal mass
case, and also in other matching schemes. Let us highlight two of them:

e The B, system: the LHC provides a unique opportunity to study the properties of the B,
bound states in great detail. In particular, the possibility to measure a good deal of the B,

! Equivalently, at the order at which we are woking, one can use the complete EOMs at the appropriate order.
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spectrum and decays is now a reality, starting with the observation of the B, ground state at
LCHDb [134] (which was first observed by CDF [135]), and of an excited B, state consistent
with B.(2S5) at ATLAS, Ref. [136]. Obviously, a major ingredient in such analyses is a
detailed knowledge of the heavy quarkonium potential and spectrum in the short distance
limit. We will compute both in this work.

e The heavy quarkonium potential in terms of Wilson loops: It is possible to give closed
expressions for the potentials in terms of Wilson loops that can be generalized beyond per-
turbation theory. They are therefore suitable objects for the study of the non-perturbative
QCD dynamics by comparing different models with lattice simulations (the Wilson loop
representation of the potentials indeed allows for exact results in the case of QED, e.g. that
the 1/m potential is zero to all orders Ref. [42]). For such analyses it is also important to
control the short distance behavior of the potentials.

Another important motivation for this work is to set the ground for higher order computations
of the potentials, which we stress again are key ingredients in any observable related to heavy
quarkonium we can think of (spectrum, decays, NR sum rules, and ¢ ¢ production near threshold,
...).  We would like to systematize their computation as much as possible, since, as one goes
to higher orders, and as soon as ultrasoft effects start to play a role, the understanding of the
relation of the computed potential to the EFT framework becomes compulsory.

In this respect, we believe that it is important to clarify the relation between the different
matching schemes and to explore their advantages and disadvantages. The three matching meth-
ods mentioned above have been employed more or less independently over the years. However,
the results obtained with these methods often differ, which makes a comparison difficult. On
top of that, there is the problem of how to renormalize the potentials in pNRQCD, i.e. how the
ultrasoft divergences are subtracted from the bare potentials. There is much freedom here as
well. One can perform the subtraction in momentum or position space. In the latter case, one
can define the subtraction for the potentials in D = 4 + 2¢ or in four dimensions. These different
subtraction/renormalization prescriptions give rise to different expressions for the renormalized
potentials (even if all of them only account for soft physics), but not for physical observables. We
also note that, while computations using on-shell /off-shell Green functions are naturally done in
momentum space, the Wilson loop calculations are naturally carried out in position space (as is
the computation of the spectrum). We will discuss these issues in some detail, putting a special
emphasis on matching schemes that admit a strict 1/m expansion of the potential.

In this work we will focus on the spin-independent potentials. The spin-dependent potentials
are not affected by ultrasoft divergences, nor by field redefinitions, to the order required for the
calculation of the heavy quarkonium mass with N3LO accuracy. Therefore, we will not consider
them in detail in this work and only use known renormalized results for the final determination of
the B, spectrum. Nevertheless, we will present the spin-dependent results in a form compatible
with our EFT computation.
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Chapter 8

Effective field theories: Matching
NRQCD to pNRQCD

8.1 NRQCD

The NRQCD Lagrangian is defined uniquely up to field redefinitions. In this work we use the
following Lagrangian density for a quark 1) of mass mq, an antiquark x. of mass mg and ny

massless fermions ¢; to O(1/m?) [14,67,/131, 137]ﬂ

Lnrqep = Lg + Lo+ Ly + Ly, + Lyy,.,

1 1 (g g® b A
Ly = 30" G+ ( mi 3 )f’fachzuG“ AG*

ng o 5[:(1) 5[:(2)
L= qilpg + —L + —L-,
=1

my ma
(1) ny (1) ny

1 C _ _ C _ _
oL =L g 3 T GT g + 2 6t D T s GT V505

° =1 8 ij=1
cll(l) ng Cll(l) ny
+ 20" Y0 @ Gy + g 00 Y0 @ 0 G0
i,j=1 i,j=1

oL =L (1) - (2)),
e e e D
sz@bT{iDg—k Ep?+ 4D+ Lo gB+ -2 (D gE-gE-D)

2my 8my 2my 8m?
(M s
. Cg Yl
(DxgE—gExD ¥t
Hsm%" (D x gE — gE x )}1/1+ T
ORI VY
oLy = 1792 > T GiyoTq; + QT ) I T gyuys T

i=1 i=1

We also include the D*/(8m?) terms since they will be necessary later on.
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Chl(l) nf hl( ) ny
+ =29 D vM anoi + Tg 2N "Iy st Givusai, (8.7)

=1 =1
EXC = £¢(¢ — Xes 9 — _gvTa (Ta)Tvml — M2, (1) - (2))a (88)

d sy
Ech = ¢TwXCXC ¢T0-1/}XCUXC
d d
vs w T\ (T x. + #w T ox (T oxe. (8.9)
mims mimsa

Here ¢ is the NR fermion field represented by a Pauli spinor and x. = —io2x™ is the respective

antifermion field also represented by a Pauli spinor. The matrix (7%)7 is the transpose of the
SU(N,) generator T in the fundamental representation, and 7% — (T%)T in Eq. only
applies to the matrices contracted with the heavy quark color indexes. The components of the
vector o are the Pauli matrices. We define iD? = id° — gA®, iD = iV + gA, E! = G and
B = —eijijk /2, where €;;;, is the three-dimensional totally antisymmetric tensor with €123 =1
and (a x b)! = ¢;;,a’b*. For a list of the relevant Feynman rules derived from Eq. we refer
e.g. to Appendix

Due to reparametrization invariance, we know that c,(j) = cé(f) =1 and c(l) = 20;3) — 1,
Ref. [67]. In Ref. [138], cr was computed with NLO accuracy. The other NLO Wllson coefficients
to O(1/m?) were computed for the light and one heavy-quark sector in Ref. [67] and for the two
heavy-quark sector in Ref. [71], both in Feynman gauge (FG). Here we only list the Wilson
coeflicients that are directly relevant for our analysisﬂ Their bare expressions read

—— —2€ 1

i = (V) - <’>0Af3”) S+ 00, (8.11)

261

i i 9 4
cp = cg S(V) - (CAC(D) - —CF - fCA - fCAcEp) + Tanc1 ()> 957 -+ 0(e), (8.12)
3 3 (4m)2 €
_ C V2€ 1
MS A 9B
_ _ _ 1
oo = d50) - i (5 c)(4 e+ 00, (.13)
dys = 5 (1)) — QCF_&+ o ( g>>_5cA<ml+m?)]x
8 mao mq
4 —2e
gl
X (fﬂ) 7.t O(e), (8.14)
dew = dXS(v) + O(e) (8.15)
_ C V26 1
_ gMS A M (2)9pY 1
dyy = dyy, (V) 4 CF F (4m)? e + O(e), (8.16)
where
¢ _ . 2 67E>6 =9 92526@1 4
=y <47T , 9 =911+ in 47T€+O(g), (8.17)

and o = g?v%¢/(47). The color factors Tr, Ca, Cr as well as the QCD B-function coefficients
(6;) are given in Appendix [A]l In the following we will only distinguish between the bare coupling

2Except for
(1) _ as(m)
= T, 8.10
“ 90r (8.10)
as this equation corrects Eq. (218) in Ref. [103].
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8.2. pNRQCD: the potentials

gp and the MS renormalized coupling ¢ when necessary. The respective renormalized Wilson

coefficients of the single quark sector in the MS scheme can be found in Appendix

At the order we are working, we can set cgi)hl = 0. However, if we are interested in the

resummation of large logarithms, we must keep cgi)hl due to its non-trivial RG evolution. For
(i)h

future purposes we will therefore retain the contribution proportional to cj "in the potential and
only set it to zero in the final determination of the heavy quarkonium mass with N3*LO accuracy.

Since the basis of operators is not minimal, there are ambiguities in the values of some
Wilson coefficients. In particular the expressions of d,s and c¢p depend on the gauge used to de-
termine them (not only the finite pieces but also the logarithmic divergences, see the discussion
in Ref. [139]). The expression we give here is the FG result. Note also that the coefficient d,,
is affected by the prescription used to deal with Pauli matrices in D-dimensions. In dimensional
regularization several prescriptions are possible for the €;;;, tensors and o, and the same prescrip-
tion as for the calculation of the Wilson coefficients must be used. Throughout this work we use
the prescription [0’2‘, O'j] = 2i€ijk0'k and €ijkEijk! = (D — 2)5.%14:"

8.2 pNRQCD: the potentials

Integrating out the soft modes in NRQCD we end up with the EFT 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 (Refs. [15,(129)])

LNRQCD I/dgl‘ Tr {ST (ido — hs(r, p,PR,S1,82)) S + O (iDy — ho(r, p,Pr, S1,S2)) O}

+ Va(r)Tr {OTr .gES+S'r- gE O} + VBQ(T)Tr {OTI‘ .gEO+O'Or- gE}
L va < =
- ZGHVGM + ; q; Zlﬁ qi (818)
p’ | Pk
hs(ru p)PRyshSQ) - 2mr + m +Vs(r)p7PRvslst)) (819)
p°  Px
ho(ra p, PRa Sla SQ) = 2m, + m + V;(ra P, PR7 Sh SQ)? (820)
V(l,O) V(O’l) V(Q,O) V(O,Z) V(l’l)
Ve=v©0 4 + t—t—+ +oe (8:21)
m1 mo my ms mimsa
(1,0) (0,1) (2,0) (0,2) (1,1)
Vo Vo Vo Vo Vo
V, =V + - + et e+ +ooe (8.22)
ma mo my ms m11ms9

where iDyO = 1000 — g[Ao(R,t),0], Pr = —iVR for the singlet, P = —iDg for the octet
(where the covariant derivative is in the adjoint representation), p = —iV,. The masses m, and
M have been defined in Eq. . We adopt the color normalization

S =S1./vN., 0 = 0°T%/\/Tr, (8.23)
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Chapter 8. FEffective field theories: Matching NRQCD to pNRQCD

for the singlet field S = S(r,R,t) and the octet field O = O%(r, R, t).

Both, hs and the potential V; are operators acting on the Hilbert space of a heavy quark-
antiquark system in the singlet conﬁgurationﬂ In order to achieve the precision we are aiming for,
we need to know the potentials up to terms of order 1/m?, since there is no O(as/m?3) potential.
For our calculation of the B, spectrum we also have to include the leading correction to the NR
dispersion relation:

1 1
oV = — <3 + 3> p’. (8.24)

8my  8mj
The static and the 1/m potentials are real-valued functions of 7 only. The 1/m? potentials have

an imaginary part proportional to 6®)(r) (which we will drop in this analysis) and a dependence
on the momentum operator p = —id/9r of each particle. The real part may be decomposed as:

V(20 — ngDo) i Vs( 0) V(02 _ Vs(%m i VS(?,2)7 vy — Vs% ) V(l ), (8.25)

1
Vg,o) =5 {r { g } V(20 + V20 (), (8.26)
1
Ver® = 5 {pd Ve P (0} + Ve () 5 + V), (8.27)
ty _ 1 (1,1) (1), (L1 - Lo+ Ly - Ly) 11
Vsr —7ﬁm;mn2vﬁ—n2w> 50 + V0 (), (8.28)
Vi) = vigY (L - sy, (8.29)
Vi = -V (r)Ly - Sy, (8.30)
Vip) = Vi Ly - Sa — VIR Ly - 81+ VY ()81 - 82 + VLY (1S 1 (), (8.31)
SD L1Ss LoSh S Si2

where the operators are the same as in those for pPNRQED in Chapter |4t S; = 01/2, Sy = 02/2,

lerxpl,LzzrxpgandSlg(r)E?"”"jﬁif@—al-ag.

By arguments of invariance under charge conjugation plus invariance under my < msy inter-
change we have that

(1,0) (0,1) (1,0)
v (1.0) (r) = V(O,l)(r)’ and so 4 + 4 = 4 . (8.32)

mi me9 my

The same arguments also imply:

vl =ve?e), vl e =vE?e),  vEOe) = VO (rimy < my),
2,0 0,2 , 1,1
VL(S )(r) = VL(S )(r; ma <> my), V]—Elsg (r) = VL(Qsl) (rymy <> ma). (8.33)
Our aim is to calculate the potentials. In order to do so we can neglect the center-of-mass

momentum, i.e. in the following we set PR =0 and thus Ly =rxp;=rxp=L, Lo =rxpy =
-rxp=-L.

3Therefore, in a more mathematical notation: h — h, Vi(r,p) — Vi (#,p). We will however avoid this notation
in order to facilitate the reading.
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8.2. pNRQCD: the potentials

8.2.1 Potentials in momentum space

Unlike the position space potential V;, the momentum space potential Vi is a c-number, not an
operator. It is defined as the matrix element

Vs = (p'|Vilp) - (8.34)

For the static potential we have (k = p — p’)

0 2n+2k2ne

. 1. 95 -
VO = — 3 DOK) =~ e Z ﬁDﬁfjl( 6, (8.35)

where the coefficients Dgo)(e) can be found in Appendix up to ¢ = 3. Throughout this work
we will use the notation

D =4+ 2e, d=3+2e. (8.36)

For the 1/m potential we follow the standard practice of making the prefactor 1/k explicit:

B 1 -~ 1 g4k26 -1, g2k.26~ ’
VOO = DO (k) = - CpPB (Dgl D) + (ZT)QDQ Ve)+0(gh) ] . (8.37)

Implicit in the definitions above is the fact that the mass dependence of the potentials admits a
Taylor expansion in powers of 1/m; and 1/mg (up to logarithms). This is so in the off-shell and
Wilson-loop matching scheme but not in the on-shell scheme.

In momentum space we choose the following basis for the 1/m? potentials:

20 PP +P” -0 ~ p” = p%)? - 20

Vi =S 5a Dy (k) + DO (E) 4 B P o Do), (8.38)
1,1 p+p ~(1,1 ~ p'2—p22~1,1

Vit = P Dy (k) + DOD () + BT P o B gy (8.39)

The Wilson coefficients D[()Z)/T Joft ATC functions of d and k = |p — p’|. They have non-integer

(mass) dimension ~ M ~%¢, and the following expansion in powers of the bare parameter g%:

2 1.2¢
~ (2, g k=€
D" = Crgiy <D§ii’<e> + ez D (9 + 0l >) (8.40)
(20) _ 520 L 9B 5 0
Do =C gB Doff,l (6) + (47T)2 D ( ) + O( ) (841)
DR = Cpgt D20 + SEE pe0 o 1 o 8.42
(20 = Crghy (DY) + 55 DY () + Ol (5.42)
- k2€
Dl()1 b = Crgk (Dé,lz’}l)(e) + ‘((]ZT)Q Di,lz’}g)(ﬁ) + O(Q%)) ; (8.43)
WY _ A2 [ A0, 9BE
Doff CFQB D fF,1 (6) + (47’()2 Doff,2 (6) + O(gB) ; (844)
_ _ _ 2 ]{726 _
D{ = D{(e) + Crgh (Diﬁ”(e) + @+ 0(9;%;)) . (8.45)
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In our convention the different coefficients of the Taylor expansion are dimensionless except
for [)7{710’1)(6). Furthermore, this coefficient depends on the NRQCD four-fermion Wilson coeffi-
cients, which have a non-trivial mass dependence. This makes the assignment of (part of) the

four-fermion NRQCD Wilson coefficient to D(1 D or D(2 0
(

ambiguous. We choose to put these

coeflicients in D ! 1) We will discuss these issues further in the following sections.

8.2.2 The L? operator and potentials in D dimensions

We work with dimensional regularization, hence we need to define the potentials in D = 4 + 2¢
dimensions. In the previous section we have given D-dimensional expressions for the potentials
in momentum space. In position space, for the spin-independent potentials, only the L? operator
differs from the four-dimensional case. The definition of the operator L? in D dimensions is
ambiguous. In this work we choose the definition

L2 S iy

5= P59 — W (8.46)

r2

The right-hand-side of the equation is equal to the usual %—22 in four dimensions and it commutes
with pure functions of 7 in D dimensions, i.e. [f(r), %—22]
momentum operator.

= 0, as we would expect for an angular

8.2.3 Position versus momentum space

We now proceed to relate the potentials in position and momentum space. For the static and
1/m potentials the relation is straightforward. After Fourier transformation to position space

Eq. (8.35)) becomes

(0) ddq —igq-ri7(0) - 92Bn+2 ~ (0)
V = / We V (q) = —CF Z W‘Fﬁ*QnG(T)Dn-‘rl(e) s (847)
n=0
where
Aok etk 27n7r7d/2 T (d/2 _ n/2)

is the d-dimensional Fourier transform of |k|~"
For the 1/m potential we have

o - [ & S iy (L0)(q) = O 9" IB F e (r) DY (e 8.49

In order to Fourier transform the 1/m? potentials some preparation is required. Given two
arbitrary functions of r, f(r) and g (r) = A(r)6” + B(r)"% 7 the following equalities holdl

. . A A 1 1 . .
PR = O+ 1P = 5 {F0).p*} = W B F0]]L (850)
) L J ) L2 1 o
p (A(r)é” B ) P ==Bl) 5+ 5 {A0) + BE), et} — S0 ' A + B
(8.51)
#Recall that in coordinate space p* = —id/dr" and [p*, [p*, f(r)]] = —(V2f(r)) for an arbitrary function f(r).
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8.2. pNRQCD: the potentials

Furthermore, we can write

2 272 1.
P’ —p7)° =, i [ A EE\ o =
PPl ) = <4D£?f°><k>k4) p+DE (), (852)

(L,1)

and analogously for DOH . The last equality is especially useful, because the first term has the
structure of the matrix element of the left-hand-side of Eq. (8.51)). It allows us to relate
2 22
-0 _ (P” =P =20
VY = TD(SE (k) (8.53)

with the potentials in position space:

d? (2,0) 1d (2,0) L2 d? (2,0) ) d? (2,0)
vo&%”)—zx( o S ) o 2 I p2 o [, I hea(r), (854)

dr2  r dr r dr? dr?
through
ddk —1 -rD(z,O) k ddk —ik'r 1
g (r )—/(%)de ) 014( ) ReOw :/(%)de krpEO(k) (8.55)

and similarly for V I Note that the three potentials Viz, V2 and V; receive contributions
from the Fourier transform of Vog. On the other hand, V 2 and V, only directly contribute to
Vp2 and V.. We stress that V 2/, 1s not the Fourier transform of V2.

In summary, we have the following relations:

2 (2,0) (2,0) ) 2n+2
(2,0) _ d°goi = 1dgug 9B (2,0)
L ( i dr ) =Cr 2, Gymyport 22N D1 (€ (8:59)
d2 (2,0) ) 2n+2

d
@0) _ [ _d°¢ _iqrir(20) ot~ _ v 9B (2,0)
Vp? _/(27r)de TV @) A =0 mﬁ 2ne (1) Dpd 1 (€)

(8.60)
20) diq - 2 (2,0) 2.0)
) — —zq 2 7 7 0 h
Ve = [ e a0 () + 2, ', S5+ h )
S5For the inverse Fourier transform the following relation is useful:
, k2 ) 7k 2 _ 2)2 ) (ke 2 2
(/)L p) = 7 (f (i - L4 )> <(p o : —1> - (f CROGEE )> =
2 /
& (f”(k) +(d=2) ,(f)) , (8.56)
where
A’k _ier ;
1) = [ e (5.57)
and f'(k) = < f(k). Finally, note that in four dimensions
2 2\ 2
® |2M3|p> (p k2p ) -1. (8.58)
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2 4
—Cp [Zia@ (r)DZ (e) + ( ff)?,f_ge(r)Dﬁ?z’o)(e) +0(gh)] (8.61)
2 (1,1) (1,1) 00 2n+2
ayn [ d°g, 1dg, _ g (1,1)
Vi _4< drg - dff > :CFZM;;WB_M(T)DLQ,H (e, (8.62)
n=0
d 2 (1,1) oo 2n+2
a1 d°q e (1) d°g.g g (1,1)
Ve = [ eV ) — 45 = 0 > Gt P DD{E) (€
(8.63)
ddq e s 29(1,1)
VO = [ e T @)+ 2, S+ ) (8.64)
2 4
— 5D @)D" () + Cp | 2B5@ () DY (€) + B Foe(r) D5V () + O(g%)
Am (4m)

In the second equality of each expression we have explicitly expanded in powers of g%. Again,
Fn(r) has been defined in Eq. (8.48)) and expressions with F_o.(r) should be treated with care,
as such operators are singular.

In summary, at each order in g% it is possible to obtain closed expressions relating the 1/m?
coefficients in momentum and position space. The position space expressions are, however, more
complicated than for the static and 1/m potentials. The off-shell potential Vog obscures the
relation between the momentum and position space potentials. Note also that V. can always be
written as [p’, [p*, Vr(r)]], where V;.(r) has the same dimensions as V2 and V.

8.3 Field redefinitions

The bases of potentials, Eqgs. (8.49)-(8.59)-(8.64)), in position space, and Eqs. (8.37)-(8.39) in
momentum space, are ambiguous. There is a large freedom to reshuffle (parts of) some poten-

tials into others using unitary transformations of the pNRQCD fields S and O, which leave the
spectrum unchanged. In particular, this reshuffling takes place between the off-shell 1/m? po-
tential and the 1/m potential. It turns out that we can even eliminate the 1/m potential or,
alternatively, the off-shell 1/m? potential Vo, completely by such field redefinitions. In fact, the
latter is achieved in the on-shell matching scheme, which provides us with a minimal basis of
operators by construction. The drawback of this scheme is that, as it relies on the free EOMs, the
determination of the potentials has to be corrected order by order in ag, through potential loops.
Still, once a minimal basis is fixed, there is no ambiguity left and each potential is well defined
on its own. The fact that the potential is unambiguous also implies that unitary transformations
that keep the Hamiltonian in a given minimal basis cannot move terms between the potentials.

In this work, however, we want to keep Vg, in order to enable a strict 1 /m expansion and to
maintain the Poincaré invariance relations, see Sec. We are also not particularly interested in
completely eliminating the 1/m potential, as it naturally appears in the Wilson loop matching,
as well as in the off-shell/on-shell matching schemes.

Instead, the goal of this section is to determine the field redefinitions that translate the
results of different matching schemes into each other. This will eventually allow us to combine
our calculation of the 1/m? potential with the result of the 1/m potential in the on-shell matching
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8.3. Field redefinitions

scheme for the equal mass case computed in Ref. [140] to obtain the 1/m potential in the unequal
mass case in Sec. Following Ref. |[42] we proceed as follows. The Hamiltonian has the form

2 J
h8:L+V(0)(T)+M+...7 (865)

2m,. my

where - - - stands for O(1/m) (or higher order) potentials that we are not interested in eliminating.

The unitary transformation
U =exp (— —{W(r),p}) (8.66)
my

transforms hs — h’, = UT hyU. Under the condition {W,p} < m, (which is necessary in order
to maintain the standard form of the leading terms in the Hamiltonian, i.e. a kinetic term plus
a potential) b reads

2
=2 yvo M 2w (wv0) L 2w (v
2m, my my r
2 ity (i i
+ ZWHTWITIVO) — L (7 (TN + 0 () e (60)
By choosing
1. vvO
W = _§5V1W (8.68)

we completely eliminate ‘Wl from h.. Moreover, since §V; ~ a2 (there is no tree-level 1/m poten-
tial), for the precision of the calculations in this work, we can neglect some terms in Eq. -
such that:

hl = P +vO_ L{pi, {7, (V'Wi}} + 0 (1, O‘§> e (8.69)
2m, 2m} mi my
Therefore, eliminating 6V; /m, is equivalent to introducing an extra 1/m? potential:
W = =5 (' (07 (W)} (5.70)
Using
AP (VW) = 4 (VW) + [, [, (9T ] (8.71)

and Eq. (8.51]), we obtain

(P AP, (v'Vig)}} = -4 (g"(r) - glir)) 1;22 +2{p%g" (N} —2[p' [p'.g"(n)]]
+ |7, [p], g/y)&j + T:;] (g”(r) - glfﬂ)H , (8.72)
where, without loss of generality,
(VW) = ;v <5v1 (gvv(; ) = ViVig(r) = 67 9/7@ + T;Zj (g”(r) _ g/ff')>. (8.73)
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Hence, we find in momentum space

OVim = (P/|0VEnlp) = 55— (k). (8.74)

T

where we have defined

iy = wi [ 4E e g(R) 1o V'
Vig(r) =V /(271_)(16 K4 —_55vlw- (8.75)

This has the important consequence that through O(a2) the coefficients D, and Epz remain
invariant under the field redefinitions discussed above. One can also check that the O(as/m?)
potential is invariant under the field redefinition Eq. . We will make use of these results in
the following.

At higher orders in a4 the neglected terms in Eq. (8.67) and Eq. (8.69) may give an extra
contribution to D,. On the other hand, note that Dy is unaffected by the field redefinition,
Eq. (8.66)), at any order in the ag expansion.

Finally, we stress that, since the unitary transformation used in this section can move us
into a minimal basis, and, since the static and the a;/m? potential remain invariant under such
transformation, the result for these two potentials is independent of the specific matching scheme
used to determine them.
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Chapter 9

Determination of the potential for
unequal masses

In this chapter we compute for the first time the spin-independent O(a2/m?) potential for un-
equal masses. We do so explicitly in different matching schemes and with full ¢ dependence.
Our results directly fix the bare coefficients D in each scheme. With little effort and using the
equations in Sec. one can then obtain the expressions for the bare coefficients D of the
potential in position space. Note that all 1/m? position space potentials depend on the match-
ing procedure (albeit some of them weakly, in the sense that the matching scheme dependence
vanishes when € — 0), as do gog and hog in Egs. —. Therefore, instead of presenting
explicit expressions, we give the position space results only in terms of the momentum space

coefficients in Appendix

9.1 The O(a?/m?) potential: matching with Green functions

In the off-shell matching we equate four-point off-shell Green functions computed in NRQCD
with the analogous four-point off-shell Green functions in pNRQCD. The only restriction on
the external momenta is total energy-momentum conservation. This allows us to perform the
matching in a strict 1/m expansion, since NRQCD and pNRQCD potential loops cancel each
other exactly. Hence, we can directly equate soft NRQCD diagrams (computed with static quarks)
with the bare potentials in pNRQCD at a given order in 1/m.

By contrast, in the on-shell matching S-matrix elements of NRQCD and pNRQCD are equated
order by order in an expansion in v (~ ag). These S-matrix elements are computed with asymp-
totic quarks satisfying the free EOM. The on-shell condition causes an imperfect cancellation
between potential loops in NRQCD and pNRQCD, and so the matching requires the incorpo-
ration of potential loops in both calculations. Potential loops in pNRQCD mix different orders
in the 1/m expansion, i.e. potential loops involving a potential at a given order can contribute
to the matching of a potential at lower orders. See, for instance, Ref. [141] for an illustrative
example.

Throughout Part [l we have performed the matching between NRQED and pNRQED in CG
and with the addition of a light massive fermion. Note that the CG expressions we will obtain
here for the potential proportional to C% are the same as the ones in Chapter 4| taking the QED
values Cr =1, C4 = 0 and Ty = 1 (provided there are no hadronic contributions in the Wilson
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coefficients). With some effort we can also derive the CrTpn proportional terms of the potential
from Chapter [ for ny = 1 taking the limit m. — 0.

9.1.1 Off-shell matching: Coulomb gauge

The off-shell matching between NRQED and pNRQED has been studied in detail with O(ma?)
precision in CG in Refs. [57,58]. The FG matching has also been discussed in Ref. [58] with
O(mal) precision.

We now perform the matching for the case of QCD. We focus on the relativistic 1/m? cor-
rections to the potential. The tree-level matching is analogous to the one in QED up to the
straightforward incorporation of color factors:

DV (€) = dys + Crdys (9.1)
D% (e) =0, (9.2)
~(2,0
Dc(>ff,1),cc,(€) =0, (9.3)
N
D77 (e) = 3 (9.4)
Do) =1, (9.5)
~ 1
Dgf,ll),cc;(ﬁ) =1 (9.6)
- 1
DAROESS (9.7)

The gauge-dependent off-shell coefficients D are given here in CG and labeled accordingly.

Now we consider the one-loop corrections. In Appendix [F] we present the result of the relevant
diagrams in CG and give explicit expressions for the amplitudes diagram by diagram. It is usually
assumed that the evaluation of Feynman diagrams in the CG can be quite cumbersome, especially
for non-Abelian gauge theories. We find that this is not the case, at least for the computation
we perform in this work.

The diagrams depend on the energies of the four external quarks F; (see Appendix . This
dependence (at the order at which we are working) can be eliminated in the potentials using the
complete EOMs at the appropriate order, which include the static potentialﬂ Finally, we obtain
the following (bare) CG results

3
~ (2,0) 204 ™27 csc(me) (e'YE)6 2 1
D = —(—) Z¢o,2 '
p2,2 (E) 3 16¢€ T (6—|— %) A7 3CA€ +0(6)’ (9 8)
3 _e
DEY () = = _ATE) csc(re) {(c(” + N Tpn (14 e
,2 ( 24€+3P(6+%) D 1 f( )

— Oy

i(cgp)za +6)(5 + 4e) + %(2 +)(3+2)(3+ 46)} }

!Fortunately, for our purposes it is enough to use the free EOMs while still keeping p? # p'2 (unlike in the
on-shell matching), as we are not interested in performing the full computation of the 1/m potential. However, for
completeness we give the contribution of the computed diagrams to the 1/m potential in Eq. (F.8]).
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where a; and (3 are defined in Appendix [A] Note that, strictly speaking, there are subleading
contributions in powers of ag encoded in the NRQCD Wilson coefficients.

9.1.2 Off-shell matching: Feynman gauge

The matching in FG involves considerably more (soft) NRQCD diagrams. In particular, diagrams
with only A° gluon exchanges now give a non-zero contribution. As a consequence, the depen-
dence on the (off-shell) external quark energies is more complicated. The complete expression
for the sum of all one-loop diagrams can be found in Appendix [F] Yet, after using the complete
EOMs we find that the coefficients D, and [)p2 agree with the CG results. This is indeed what we
expected, as these potentials remain the same in the on-shell limit, and are therefore separately
matching scheme and gauge invariant. The differences to CG therefore manifest themselves only
in the Dog coefficients.

At tree level in FG (and at one loop in the CG) an energy-dependent term o k3 = (B —
E1)? occurs. In principle, the redefinition of the quark energies in terms of three-momenta is
ambiguous. In this special case, however, there is a preferred prescription (see Ref. [58]) to
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transform away the energy dependence, namely Eq. (F.7). It is the only way to preserve the
1/(m1msg) structure and at the same time leave the 1/m potential unchanged, see Appendix
for details. Adopting this prescription we arrive at the same result as in CG:

~ (1,1 ~ (1,1 ~ (2,0 ~ (2,0
D(()ff,l),FG = D(()ff,l),CG ; D(SH,I),FG = DE)H,I),CG : (9.14)

Replacing the energy dependence as detailed in Appendix [F] we obtain at one loop

Cy ms~ € csc(me) (225+3(6 +1)(2e + 3)I% (e + 3)
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Doﬁ,2,FG(E) - Doff,Q,CG( €) + 3 24e+3p(6 4 %) ﬁF(QE 4 %)

2
+ 2063 4 39¢2 + % - 12)

= D9 cgle) +Ca <24 (9.15)

3
%7& € csc(m
3 2 (e + 3)

35 4ln2>
€)

. 2243 (e + 1) (26 + 3)[% (e + 3)
Dl (e = Do) + (

fF(2€+§)
3 9  25€
+ 20€e” + 39¢ —1—7—12

- 35 8ln2
= Dii ¢ ()+CA<12+ ;)+0(6)- (9.16)

9.1.3 On-shell matching

Finally, we determine the potential in the on-shell matching scheme. In this scheme we have
Do on—shell = 0 by construction. At the order we are working at, this means

2,0 ~(1,1 2,0 ~(1,1
Dc()fﬂl),on shell( ) Dgf‘f,l)pn shell( ) = Dc()ff 2)on shell( ) Dgff2)0n shell( ) =0. (917)

It turns out that for the other potentials a dedicated on-shell matching computation is not
necessary. A priori, we must take into account potential loops, which are not needed in the
off-shell computation, in addition to the soft NRQCD loops. The discussion on field redefinitions
in Sec. B3 however shows that the transformation from an off-shell to the on-shell scheme leaves
the coefficients D 2 and D,, as well as the O(as/m?) potential, unchanged at the order we are
working at. Hence potential loops can neither contribute to D 2 9 and D, QIHOI' to the O(as/m?)
potential. Therefore, these coefficients are equal 1rrespect1vely of computing them on- or off-shell,
and in the latter case they are independent of the gauge, as we have seen.

For equal masses and in the on-shell matching scheme the potential has been computed in
Refs. [133}141H145]. The complete e dependence for the equal mass case can be found in Ref. [142].
We agree with their results. The novel results of the present section are the potentials for unequal
masses (keeping track of the NRQCD Wilson coefficients).

As another cross check we have calculated the O(a2/m?) potential for unequal masses from
soft on-shell scattering amplitudes in vNRQCD, Ref. [146], using the Feynman rules given in
Ref. [145]. We found complete agreement with our momentum space results in the on-shell
matching scheme.

2At higher orders in ay potential loop contributions to V; are possible.
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9.2 The O(a?/m?) potential: matching with Wilson loops

9.2.1 The quasi-static energy and general formulas

An alternative determination of the potentials is the direct matching of NRQCD and pNRQCD
gauge-invariant Green functions in position space. One key point is that the time of the quark
and antiquark are now set equal. This is not a restriction. Instead, it is rather natural to
describe quark-antiquark bound states by fields that depend on a single time coordinate. Another
difference to the off-shell matching scheme is the insertion of gluon strings (Wilson lines) between
the static quark and antiquark in order to form a Wilson loop, so that the whole system is gauge
invariant.

The details of the Wilson-loop matching procedure are given in Refs. [42,|43]. In these refer-
ences the emphasis was put on the matching in the non-perturbative scenario without ultrasoft
degrees of freedom. Two alternative methods were worked out in detail. One is the direct match-
ing between NRQCD and pNRQCD Wilson loops, and the other one is a generalized “quantum-
mechanical” matching, which gives the spectral decomposition of the potentials, allowing them
to be rewritten in terms of Wilson loops. Either way, the matching can be done in a strict 1/m
expansion (potential loops do not have to be considered at all) and closed expressions in terms
of Wilson loops can be obtained for each potential, which are then manifestly gauge invariant.
This allows for a non-perturbative definition of the potential F, to which we will refer to as the
“quasi-static” energy in the following. Formally it would be

2 2 (1,0) (0,1)
E P = —= 4+ F
S(I‘,p, R,Sl,s2) er+2M+ + e + .
E20) g2 g1
+ 2 + 2 + + ttt . (9.18)

We use “E” to make the distinction to the potentials “V” explicit. In the strong-coupling regime
(and provided there are no ultrasoft degrees of freedom), the quasi-static energy replaces the
potential in the Schrodinger equation describing the non-perturbative heavy quarkonium bound
state. Once ultrasoft effects are included (as e.g. in our calculation of the B, spectrum) this is
not true anymore. The potential “V” is the particularization of the quasi-static energy once the
ultrasoft effects have been subtracted in the weak coupling regime. That is why we explicitly
distinguish between E and V. We will elaborate on this in Sec. and in a forthcoming paper.

We shall use the following definitions for the Wilson-loop operators (see Ref. [43] for extra
details). The angular brackets (...) denote the average value over the Yang-Mills action, W is
the rectangular static Wilson loop of dimensions r x Tyy:

Wo = Pexp {—ig dz“A#(z)} , (9.19)

rXxTyw

and ((...)) = (... Wn)/(Wn); P is the path-ordering operator. Moreover, we define the connected
Wilson loop with O1(t1), O2(t2), ..., Oy (t,) operator insertions for Ty /2 > t1 >ty > -+ > t, >
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—Tw /2 by

) (9.22)

At leading order in the 1/m expansion, we get nothing but the static energy already found
by Wilson many years ago Ref. [132]

O() = lim ©
E%™)(r) Tlgl;o T In(Wpo) . (9.23)
The complete expression of the 1/m and 1/m? potentials in the quenched approximation (no
light quarks) in terms of Wilson loops has been determined in Refs. [4243] (partial results for
the 1/m? potential can be found in Refs. [147-150]). For these we define the shorthand notation

lim = lim lim
T—o00 T—o00 Ty —00

, (9.24)
where Ty is the time length of the Wilson loop and T is the time length appearing in the
time integrals shown below. By performing the limit Ty — oo first, the averages ((...)) become
independent of Ty and thus are invariant under global time translations.

(2,0)

The incorporation of light quarks introduces extra terms in Fp™7’, which we include here.
The other Wilson loop expressions for the quasi-static energies equal the ones in Refs. [42,43],
with the exception that we rewrite some of them so that they remain valid in D dimensions. For
the spin-independent quasi-static energies we have

EOO () = *Tlggo / dtt (gB1(t) - gE1(0))... (9.25)
(2,0) _ar iy 9 i j
B0 =5 g Jm | " a2 () (0). (9.26)
E&V(r) = ( ! )<5iﬂ'—dr:£j> hm/ dt 2(gE! (t)gE] (0))., (9.27)
BV (r) =i (9B (t)gE}(0)). (9.28)
E{E”(r):d%l <5ij—d7”;§j> lim / dt 12 (gE () gEL (0)). , (9.29)
(1)
EPO(r) = =2~ lim_ ([Dy-,gBx](1)) (9.30)
Z-C%lﬂ - T 1 52520
— S Jim [ dt(gB (1) - gBi () + 5(VIER)
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— ~ lim / dty / ! dto / dts (t2 — t3)*((gE1(t1) - gE1(t2)gE1(t3) - gE1(0)))e

2 T—oo
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—0o0 J0 0

_ % (V;E(O) hm / dt1 /t1 dtQ tl —tQ) <<gE1(t1>gE1(t2) gE1(0)>>
+] (vi i [ a5 0008 0) (9100

[ (g (19 0))(VEEO) (V1)

12 T—oo
(1)
A fune / P Vlvlgloog (G ()Gl ()G (@)
*lTh_{go L dt ) dfz (t1 — t2)*([D1., gE1](t1)gE1(£2) - gE1(0)))e
4 dim [ (D, gB(0)[D1 9B 0).

i (VZ lim_ dtt2((gE’( )[D1.,gE1](0)>>c>
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4 T—oo
RS “f O
71 2 3 a—~ a 2 2 . _
- 1 T qivoT g - 1 s
g ;Tv;ggo« FanoTia(t)e — 25— g Zi:ﬁvv@oo«q”“ql“)»c

/ Px lim (6£0)

TW—>oo
where in the second-to-last line the light-quark operators are located in the heavy-quark Wilson
line (i.e. at the position x1). The last term contains the 1/m? operators in the NRQCD La-
grangian that only involve light degrees of freedom. Irrespectively of this, all the Wilson-loop
expectation values should be computed with dynamical light quarks. The quasi static energy in
Eq. generalizes the result of Ref. [43] to the case with light fermions (as usual neglecting
ultrasoft effects). Note that, although, formally, the first, the second-to-last, and the last lines of
Eq. depend on the time where the operators are inserted on the heavy-quark lines. Due
to time translation invariance, this is not so after performing the Ty — oo limit.
Finally, the last term we need in Eq. isﬂ

r

1
BM(r) = S(VIER") (9.31)

— 4 lim /T dtq /Otl dto /0752 dtsz (ta — t3)2(gE1(t1) - gE1(t2)gEa(t3) - gE2(0))e

T—o0 Jo

+;<v Jim ity tldtz(tl—t2)2<<gE§(t1)gE2(t2)'9E2(0)>>c>
—00 J0 0

+ % (Vi Jim /OT dt /Ot1 dta(ty — t2)* (9B (t1)gEn (t2) '9E1(0)>>c>

3The first term of this equation corrects a sign error in the first term of Egs. (48) and (54) in Ref. [43]. Note
that its spectral decomposition in Eq. (23) of that reference is nevertheless correct.
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) T t1 .
(ViB©®) Jim [ dty | dia(t — 1) (9B (t1)gBa(t2) - B2 (0))e
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Let us further elaborate on the expressions for E§2’0) and qul’l). The first term of EP’O)

admits the alternative representation

lim ([D1-, gE1](t))e = — (v,%E(0> +2i lim /0 "t (gE1(t) -gE1(0)>>c>. (9.32)

Ty —o0

It is also possible to use the Gauss law

ny

(D - E)*|phys) = g(¢ T%¢ — xc(T*)"xc)Iphys) + > 70T i phys) (9.33)
=1

to simplify Eq. (9.32)). This was done in Ref. [43] for the case without light fermions. Including

them we find

ng
lim ([D1, gB1]())e = —¢°6@ (x1 — x2) + ¢° > dim (TPgnT a(t))e- (9.34)
i3 Tw—o0

Tw —o00

It is quite remarkable that Eqs. (9.32)) and (9.34) are equal, because, unlike in the former, it is
obvious in the latter that only the delta-function term survives for ny = 0.

For the other terms of E7(:2’0) and Eﬁl’l) that involve the commutator [D-, gE] we can make

the replacement [D-, gE] — ¢?>T%q;70T%¢; everywhere, as the first term in the right-hand-side of
Eq. (9.33) only contributes in the term proportional to ¢p. This makes their dependence on the
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light fermions more explicit. We obtain

RO nf
EPO(r) = —% l—g25d(X1 —x2) + ¢ > Tvlvigoo«Tf qivoTY qi(t)>>51 (9.35)
icD2 i 20 h 1)
M dim [ de(gBa(e) gBa(0) + 5 (VIER) - Dy Z lim (TPgoTia(0).
%Tﬁoo/ dt /tl dt2 ’ dts (t2 — t3)°(9E1(t1) - gE1(t2)gE1(t3) - gE1(0)))c
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% B0) A Tdtl "t (t1 — t2)* (9B (t1)gE1 (t2) - gE1(0)))c
—o0 Jo
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- ETlggo / dt t* (9B} (t)gE (0)) (V1. EQ)(VIE®)
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j75—1
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1 P1. 7 a = a
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where the last six lines are due to light fermions, and the light quark operators are located on
the heavy quark Wilson line (i.e. at the position x;) except for the last operator, and

1
EMV(r) = S(ViER") (9.36)

T—o0 Jo

T t1 to
i lim / dt, /0 dts | dts (12— t5)*(gBx (1) - g1 (12)gBa ts) - gBa(0) e
1 - T t 2 i
+5 (Vi Jim /0 dty /0 dty(ty — t2)(gEL (t1)gBa(ts) - gEa(0))e

+3 (V? ok /OT dts [ dtafts — 2" (gB(01) 0B () gE1<o>>>c>

%(VZE(0)> i [ dt [ dia(tr = 1) (9B} (11)gBa (t2) - B2 (0))e

T—o0 Jo
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In summary, the results of this subsection are the generalization of the results of Ref. [43] for the
strong-coupling version of the 1/m? pNRQCD potential after the inclusion of light fermions (and
neglecting ultrasoft degrees of freedom). The expressions of the potentials in terms of Wilson
loops are equal to the quenched (ny=0) case except for Eﬁz,o) and qul’l) (and one should keep
in mind that dynamical light quarks should be included in the computation at loop level). We
have presented expressions valid in D dimensions.

9.2.2 Results in perturbation theory: the O(a?/m?) potential

Once we focus on the weak-coupling regime, ultrasoft degrees of freedom certainly contribute
to the quasi-static energies. They do so with energies/momenta of order AV = VO(O) —vO ~
Caas/r ~ muv?. Nevertheless, for a consistent description of the weakly-coupled quark-antiquark
system, the potentials in the Schrodinger equation (i.e. in the pNRQCD Lagrangian) should
only include contributions associated with the soft modes. Taylor expanding in powers of 1/m
before integrating over the gauge or light-quark dynamical variables effectively sets the potential
loops to zero. However, this does not eliminate the ultrasoft contributions from the potential
expressed in terms of Wilson loops. Actually, as far as the ultrasoft modes are concerned, the
1/m expansion can be formally understood as exploiting the hierarchy AV > p?/m, which is
the limit implicit in the discussion of Sec.

In order to obtain the potentials in perturbation theory, the ultrasoft contribution has to be
subtracted. This can be easily achieved by expanding in the ultrasoft scale before performing the
loop integration. Thus, only the soft scale appears in the integrals, which become homogeneous

4Obviously, this is not the kinematic situation we face in the bound state, where AV ~ p?/m.
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in that scale. The potentials then take the form of a power series in g (and, eventually, in AV,
when working beyond the order we are interested in). In summary we have,

%,W(T) = ES(r)’soft ) (937)

where we have put the subscript W to indicate the Wilson-loop matching scheme.

For the static potential V), the Wilson loop definition is given in Eq. . Its perturbative
evaluation in powers of ag can be transformed into a calculation in momentum space, where the
energies of the external quark and antiquark are set to zero for Ty — o0, since the time-dependent
part of the external quark propagator, (T — t), can be approximated by 1. See also Ref. [15]1]
for a detailed discussion. In addition, for a certain class of gauges (including FG and CG), one
can neglect the exchange of asymptotic gluons from the boundaries of the Wilson loop at 7y /2
for Ty — oo, see the discussion in Refs. [36,/151]. In this setup, the Wilson-loop matching for
the static potential is equivalent to a standard diagrammatic S-matrix calculation with off-shell
static quarks, i.e. with zero (kinetic) quark energies, but non-zero external three-momenta. This
is indeed equivalent to the off-shell matching computation at leading order in the 1/m, E; and
FE5 expansion.

In fact, it is also equivalent to the on-shell matching computation. This is so because at
O(mP) no kinetic propagator insertions are involved in a soft NRQCD S-matrix calculation, as
they would inevitably come with factors of 1/m. It therefore does actually not matter for the
latter calculation, whether the external quarks are on- or off-shell. Furthermore, potential loop
contributions to the static potential in the on-shell matching scheme must vanish, because there
are no field redefinitions (compatible with the symmetries of QCD) that could possibly remove
them by modifying a higher order potential. Hence, we conclude, that the static potential is the
same in any of the matching schemes discussed in this work.

The Wilson-loop calculation for the higher-order potentials cannot be related to a purely
momentum space S-matrix calculation due to the insertions of gluonic/light-quark operators
that are integrated over time. Nevertheless, we will see that we can also compute the higher-
order potentials in the Wilson-loop matching scheme efficiently based on Feynman diagrams. It is
worth emphasizing that the expressions for the potentials in terms of Wilson loops encapsulate all
effects at the soft scale in a compact way, and they are correct to any finite order in perturbation
theory. In particular, compared to the standard calculation of the static potential, only a few
extra Feynman rules for the operator insertions have to be introduced (see Appendix once
the exchange of asymptotic gluons from the boundaries of the Wilson loop at +7yy /2 for Ty — oo
is neglected. This is to be contrasted with the matching of Green functions, where higher-order
kinetic insertions on the propagators must be taken into account, both for on-shell and off-shell
matching, which can be quite tedious at higher orders. When matching on-shell, in addition,
potential loops must be considered.

Let us now compute Vg?,[), = ESQ’O)]SO& and Vlg‘l,[), = E£12’1)|Soft. We use this case in order to
illustrate how we perform the Wilson loop calculations.

At O(ag) we only have contributions to VI(‘;%/‘), The diagrams contributing are drawn in
Fig. In CG only the second diagram contributes and using the Feynman rules derived in
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N
A

N
N\ N\

Figure 9.1: Tree-level Wilson-loop diagrams contributing to V[(;:‘l/‘),(r) Dotted and wavy lines
represent Ag and A gluons, respectively. The crossed vertices denote insertions of the chromo-
electric field operator B according to Ejq. . Their horizontal displacement indicates that
they are located at different times (0 and t).

% 5_5 w o i

Figure 9.2: One-loop diagrams contributing to VéQ V[),( ). Left-right mirror graphs are understood.

Appendix the detailed calculation reads

(1,1) __d ij r'rt 2 de ik ikg
J g grr? 'k dko ik3
=" ¥ _g— 2 C / —zkrPZ,, k /7 0 / dt ikot
(d—-1) < 2 ) 9BLF (Qw)de i(k) 2m) 2 + 0 8k2 e

1 y rird dk . dk k2 0? i
— ij 2 —ikr p . 0 0 s
(d—-1) <5 d 72 ) gBCF/ (27T)de B (k)/ (2m) k3 — k2 +i0 k3 ko + 0
_ Crgp (1+20T(5+¢) _ Cras
8T patepleze 2r

+ O(e), (9.38)

where the projector P;j(k) = 0;; — k;#

In FG both diagrams in Fig. [0.1] contribute, but we still obtain the same result, as expected
due to gauge invariance of the Wilson loop. At this order the result coincides with the result
obtained using off-shell matchingﬂ Therefore

Dc()?f?l),w(e) = Dgf?l),ce(e)’ D(()%f,ll),w(e) D((éf,lf,cg( ). (9.39)

In CG it coincides exactly, in FG only after using the EOMs as discussed before.
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At O(a?) the diagrams needed for VI(‘2 I/I)/ are drawn in Fig. and the calculation reads

Vi) =

_ 9% 5 _ rir! / d'k o—ikr
2(d—1) 2 (2m)d
2 . %] d%k .
— _ 9B (i 4T / —zkr/ / 2 —igot
2(d—1) <5 = ) (2m)a° (27r) M) | de e 0()

. 92 J d%k ) dP 92 1
= L j rt T / fzkr/ q B v
3d - 1) <5 —d—5 ) 2m)i° (%)DMu(q) <aq3 P, _Z_O> : (9.40)

Here we chose the energy [y to flow along the arrow between the crossed vertices in Fig.
and the momentum ¢ to flow counter-clockwise in the loop. The (integrand of) the one-loop
amplitude M;; can be obtained by applying standard static Wilson-loop Feynman rules together
with the additional rules for the E? operator insertions as given in Appendix Note that we
have pulled out a factor 1/(lp +i0), corresponding to the upper static quark propagator from the
amplitude’s integrand, in order to render M;; lp-independent.

dl() —Zl()t ZM'LJ( )
lp + 10

We emphasize that the pinch singular terms are explicitly removed in the definition of con-
nected Wilson loops according to Eq. . A similar thing happens in the calculation of soft
on/off-shell Green functions, where these pinch singularities are cancelled with the potential
loops, see the discussion in Ref. [103].

In CG only the first two diagrams of Fig. contribute (the first gives a divergent con-
tribution). Using our Wilson-loop Feynman rules in Appendix we find the (unintegrated)
amplitude

_ CpCag} Pu(a)Pi(a — k)g k(¢ — k) Pa(a)go
M0 == B((( SO @+0) (4 R +zo>>‘ o4y

Plugging this in Eq. (9.40) gives

P () _ ( ) OrOa gz, (et D(e(de +7) + 4) csc(me)
4m

2 B
L2, W 6 2ierc=3(e— )T (e+3)
4rCrCap gB —2¢ 1 19
= 3 Folr )167r3y (E + i 2In(rve’®) + (9(6)) . (9.42)

We have also checked that we get the same result performing the calculation in FG, where
all four diagrams in Fig. contribute. Note that V.>%) differs from V2" obtained by

L2, W L2,CG/FG
off-shell matching, not only in the finite but also in the dlvergent part.

The calculation of VIE;‘I,[), is carried out along the same lines. The diagrams contributing at
O(a?) are displayed in Fig. In order to have a cross check we compute again in both, CG
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e

X..

el

X
X
X

Figure 9.3: One-loop diagrams contributing to VI(;%,[)/(T) Left-right and up-down mirror graphs
give the same result as the original diagram and are understood. In all diagrams (including the
mirrored ones) the upper and lower crossed vertices are located at times t and 0, respectively.

In CG only the first seven diagrams contribute. In FG also the other six diagrams have to be
evaluated.
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9.2. The O(a2/m?) potential: matching with Wilson loops

and FG, and indeed obtain the same result:

w2~ ¢(4e + 1) csc(me)
425(1 _ E)F (6 + g) [4Tan(1 - 62)

2
B Fo oc(r)

2 0
v ) = f’BF{Ma +20520) + (1

47 2

C
?A(w +92€ + 137¢? + 56¢°) | }

g2 VQE

A 2

92
= CFB.FQ(T){l +
127

2oat ;Tan] +O(e )} (9.43)

The above calculations of the Vi,2 ;3 potentials to O(a 2) are actually all we need to fix also
the other spin-independent position space potentials V2 iy and V.1 with O(a ) precision. The
reason is that we can use Egs. (8.59)) and (8.62) to determlne got,w and then (by inverse Fourier
transformation) Dog yw (k) in momentum space. We find

1
D(}-f’,ll)w(e) vk (9.44)
3
(2,0) Cam2 “(e(de +7) + )csc(ﬂ'e) Ca (67E>6 (4 B )
Degiow(e) = D 426r( %> < 3) (c-1+0@). (9.45)
# " cse(me)
(1’1) ™ CSC|\TTe 3 2 2
DY (6) = 8T <CA 56€3 + 137¢% + 92¢ + 15) + 4Tpny (1 — ¢ )
ff,2,W 16-H1T (E N %) 3 ( ) f ( )
eIENET1 /4 Bo 8
() |2 (Zos—22) 2o, -2 4
(%) |2 (5ea-2) + 50 gTems + 0. (9.46)

These are the only 1/m? Wilson coefficients that are affected by the field redefinition in Eq. -

at O(a?2). Therefore, by the same argument as in Sec. D 2y (k) = Dp 2(k) and Drw(kz)
D,(k) with the precision of our computation. Then, using Eqs 8.60|), (8.61)), (8.63]) and ,

we obtain

V(20 (r) = <g%>2 CrCa Foo(r) (€ +1)(8€% + 8¢ — 1) csc(e)

peW ar) 3 g2en 3 (e~ )T (e + )
CrCa g (1 e )
5 Fa(r) el 8 —2In(rve’®) + O(e) |, (9.47)
7 Crg? g2 €+ 1) csc(me
R e L T
T 3(e — )24+ T (e + )

x [3(e))*Ca (462 + € = 5) = 12Twms(e — 1)(c) + ") | Foac(r) }

1 2,0),W
+ §V2Vp(273) : (9.48)
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where
16-<1r—< 32 (€+1)(8€2 + 8¢ — 1) csc(re)
3(e— 1) (e+3)

V2VI§§:?3)’W = —gpCrCa Fo2e(r), (9.49)

4*2%%_6(6 + 1) csc(me)
(e~ DT (e+3)

C
x [ =401+ e~ 26)Tpny + %(45 — 31 — 202¢% — 112¢%)| }

2 —2¢
= —CFQQB]:Q(T){l i (CA + 60) <1 — 2In(rve’®)

(1) 95 9%
VD (r) = —MCF{47r(1 +OFr) + Py Faralr)

472 3 4 €

61 1
+2:Ca+ 9Tan> + (9(6)}, (9.50)

b 1 7 7W
Vi () = (dss + Crdus) 89 () + 5 V2V " + (

g%>2 Cr W%_e(e + 1) csc(me)
dr 3 16e+IT (6 + %)

x [CA(4062 + 83¢ 4+ 39) + 4Cp(2¢ + 3) (8¢ + 7) — 12Tane} Fooclr),  (9.51)

and
g% 4*2%%_6(6 + 1) csc(me)
(“m)*  (e—1)r (e+3)

VAV (1) = g%%{(e + 18D (r) + (9.52)

X ECA(—HQG?’ —202€® — 31le + 45) — 4Trn (1 — €)(2¢ + 1)};_26(7«)},

As a check, we have also directly computed Vrg ’3[), (r) in the same way as VI(E’O) (r). Note that

the diagrams are the same (Fig. and only the prefactor changes, cf. Eqgs. (9.26]) and (9.27]).
Using Eq. (9.41)), we obtain

22 0.0 ddk ) qu 82 1
V(Q,O) — ZgiBr " / —’Lkl‘/ CG - 953
pQ,W(T) 2 7,,2 (27T)de (27‘(’)DMZ] (q) 8q% qo — ZO ) ( )
which yields the same result as Eq. (9.47). On top of that, we have also checked that we obtain
the same result in FG.
We have also computed VPE; ’1)(7“) directly in CG and FG finding agreement with Eq. (9.50)).

This is an even stronger check, because the calculation is more difficult, as it involves more
diagrams.

From the above analysis we can also determine (the soft part of) some Wilson loops that
contribute to V. ;» and can be treated separately, because they are multiplied by different NRQCD

Wilson coefficients. Let us first focus on Vr(%vo) Comparing all terms proportional to c¢p in
Eq. (9.48]), with the ¢p-dependent terms of the Wilson loop expression in (the first line of)

Eq. (9.30), we find

lim Tdt ({(gEL(t)gEL(0)))e

T—o0 Jo

soft
3

(93 2 273742 7¢(1 + €)(11 + 8¢) csc(me)
=—i|=2 | CpCy
" i+

‘/—‘;26(7‘) , (9.54)
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9.3. Determination of the O(a2/m) potential for unequal masses

where we have used the relation in Eq. (9.32)). We can also directly compute the Wilson loop and
check this result. The relevant diagrams are the same as in Fig. A calculation analogous to
the one for the Vi2 iy potentials yields

T ) .
lim / dt ({gE: (1) gEL (0)))e
0

T—o0

soft

which is equal to Eq. (9.54]).
Using this result and Eq. (9.32)) we obtain

nyf 4
. _ g €+ 1) csc(me
g° E Thm (TVqvT qi(t)e = —C'F—4 32 . ( . 6_)§ ( )5 TpngF_oe(r) (9.56)
i—1 TWTe soft T 9det2peo (6 + 5)

from the comparison to Eq. (9.34). Note that this results from a non-trivial cancellation of
non-Abelian contributions so that only light-quark effects survive. This is precisely what should
happen according to Eq. (9.34). We can also confirm Eq. (9.56) by direct inspection of the cp+ci

term of V?"(,?/I’/O) (but now written in terms of light-quark operators), which, thus, provides us with
an independent check.

Finally, by comparing the terms proportional to C% we find

_ CpCay @ (e + 1) csc(me)
2 Ar? (e - 1)2464-47-‘-5—%1" (e + %)

T
i lim / dt{(gB1(t) - gB1(0)).e
0

T—o00

soft

x (46 + € = 5) Foac(r). (9.57)

With this we have already exhausted all contributions to VT,(?,VO) Therefore, we conclude that all
the remaining terms contribute only at higher orders in a, i.e., the last eleven lines in Eq. (9.35))
are O(a3).

Unfortunately a similar analysis for Vr(%/{,l ) gives much less information on the values of the
different contributing Wilson loops.

9.3 Determination of the O(a2/m) potential for unequal masses

The O(a2/m) potential for the unequal mass scheme was computed first in the on-shell matching
in Ref. [141]. The D-dimensional expression in the same matching scheme, but for the equal
mass case, can be found in Ref. [152]. The O(a?/m) potential for equal masses was obtained in
Ref. [140] using on-shell matching and the O(e) piece can be found in Ref. [153]. Overall, the
equal mass result (to the highest order in € presently known) reads

2 2 2-2¢ 2
~(1,0) ~(0,1) 9 7Cr | g° 5 g v\ Bo 1 k
[‘/onfshell + V:)nfshell} m=m1=my - Ak {471_1{ Ebl (1 + ( e > %E 1— ﬁ

2 2
1 92525 k25 b2L 1 5
+ - ( T ) <V2€ (2 p + by + €bae + O(e )) , (9.58)
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where
FQ(%—FG)F(%—E) C
— —e “F _
b= ) S ( 1420 C’A(1+e)>, (9.59)
4
b2L=§(C%+QCACF),
101 4 65 8, 49 2
631 15 65 8 17 11 4
boe = — i 12—12> T (—2—1 2)
2 CFCA( 108 16" 9 3 Crleng {57 = 3™ — gt

1451 161 101 115 5
+C 24+ " In2 71 2) — COAT 71 2
A(216+72 togmetgm > Aan<54+18 + n)

Note that, unlike the expressions for the potentials in the previous sections, we have written the
potential in Eq. in terms of the MS renormalized coupling g? evaluated at the scale Vﬁ
because this allows for an easier comparison with the results of Refs. [140}/153]. It is however
straightforward to change this back to gp through Eq. .

It is the aim of this section to obtain the expression for the 1/m potential in the unequal mass
case for the on-shell, off-shell (CG and FG) and the Wilson-loop matching schemes described in
Secs. and We will rely on the 1/m? results obtained in Secs. and as well as on
the results of Ref. [140]. A key point in our derivation will be the use of the field redefinitions
discussed in Sec. R.3l

In Secs. and [9.2) we have argued that through O(a2) the potential coefficients D p2 and D,
are the same in all three matching schemes, based on field redefinitions. We have checked this
prediction explicitly for the on-shell and off-shell matching. We have also determined all other
1/m? potentials at O(a?2).

The scheme differences can be compactly expressed in momentum space:

‘7s,X = ‘7s,on—shell + 5‘7)((2) ) (960)
O(1/m?) O(1/m?)
where
2 2\2
-2 (P —p7) <~(2,0) <1 1> - (1,1) 1 >
5VX - k4 DoH,X(k) m% + mg +D0H’X(k)m1m2 ) (9-61)

and the subscript X stands for the matching scheme: Wilson-loop (W), CG or FG. The term
517}((2) has the same structure as Eq. (8.74]), and can therefore be completely eliminated through

the field redefinition in Eqs. (8.66)), (8.68)), generating a new 1/m potential: 517)((1). Note that
this potential can have a non-trivial dependence on the masses.

This 617)((1), plus the on-shell scheme expression of the 1/m potential in the equal-mass case,
is all we need to derive the O(a2/m) potential for unequal masses in the X or on-shell schemes.
To achieve this one just needs to realize that

‘7)((1,0) ‘7(0,1)

+ X _1_5‘7)((1) on—shell + on—shell
m

(9.62)

m m m

710 o1 ]
m=mi1=msy

m=mi=msg

SFor brevity, we avoid writing out the argument, i.e. g = g(v) is understood in the following.
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9.3. Determination of the O(a2/m) potential for unequal masses

The potentials V)(<1 9 and V(O D are the unknown quantities in this equation. Since all schemes
X admit a strict 1/m; expansion, they do not depend on the mass. Hence Eq. allows us
to completely fix the (original) 1/m potentlal V(1 0 _ V)((O’l). We emphasize that this is possible
because we know the complete off-shell 1/m? potentlal. In addition, our 1/m? results contain the
full information on the m; dependence of the potentials. Therefore, we are also able to determine
the O(a?/m) potential for unequal masses in the on-shell matching scheme, as we will see below.

We start with the results in the Wilson-loop scheme, where the appropriate field redefinition
gives

o7 (1)

— (9123>2 k¢ 7202 dy + ( ) k4€C 4731272 cgc(Tre) sec(2me)

_ 2 2
1= 47 k 47 k 3(2e+1)(2e +3)['(2—¢)I'(3e + 1)
x {Cua (136¢" + 363€% + 297¢* + 89¢ + 15) — 12Tpm (e — 1)(e + 1)(3e + 1)}

02 2 2 2 26 1 k26
=TI )9 e (14 Pol () K-
47 47T 27T € p2e

Z: (
2 2
1 [ g*v% k%€ 4 1 65 8 2
) (Zoac (2 oSme)o,-iT
+7T<47r> <1/2€ (3 Ae+(18 3“) AT gtEns

+ele 631+157r2_651n2+81n22  Tem 17+117T2+4ln2
1%\ 108 " 16 9 3 FIU\ 797 36 9
+ (9(62))}, (9.63)

with

925 T (% + 6) sec(me)

dy = T35 . (9.64)

We can now use Eq. (9.62)) to determine VV(VI ) We find the following momentum space coefficients
according to Eq. (8.37):

DY) = —Ca ((11:26))@ —% +0(e), (9.65)
B = S () e

+ % (‘ﬁ)z (§CA1 4 ;lngnf ey (1;61 4 21 2)

+e|Ca (1241561 + 1671; + %mﬂ S In? 2) Tpny (15145 + 517;2 + ilrﬂ)]

+ O(?). (9.66)

Note that these coefficients refer to the expansion of the 1/m potential in powers of g%. After
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Fourier transformation to position space we obtain

Vi) = —% lim [ dtt{(gEi(t)- gE1(0)).

soft

A0 (o () B Bt )

4 1+ 2¢ A7 | 2me V2 Fi (1)

2-2¢\ 2
g-v 1]:1745(7') < 49 <101 >
- Cu- Tong — O (02 400
+<47r>7r e +36 rrp—Ca{ 35 13

1451  161x2 101 115 572 49
CA< el il ) S ln22> Tan< +2 2)]

te 216 72 18 54 718 18

+ (’)(8))} . (9.67)

Note that this expression does not have terms proportional to the color factors C%CA and
C%T Fny. A similar situation takes place in the static potential, where there are no C% terms
at O(a?) due to the exponentiation of diagrams. Here, it is the fact that we consider connected
Wilson loops, which seems to eliminate such contributions, see Eq. (9.20]).

It is straightforward to identify the field redefinitions that relate the potentials obtained in
the Wilson-loop and the CG/FG off-shell matching schemes, developing equations similar to

Eq. - We emphasize that the differences SV (SV((J ) and 5VV(VZ) — 5‘71?%) are precisely of
the form of Eq. ( - with a mass-independent g(k). Hence, according to the field redefinition
in Eq. , the corresponding differences in the 1/m potential are proportional to 1/m, =
1/mq 4+ 1/mg. This explicitly verifies that the strict 1/m expansion also holds for the CG and
FG off-shell schemes.

We now give expressions for the 1/m potentials in the CG and FG schemes. The coefficients

in Eq. (8.37) read
(1,0 ~(1,0 1,0
Dé,W) = Dg,CC)} = Dé,FC); ) (9.68)
PHLO _ D(l 0 , TCpCy  Sec(2me)l (6 + %) I'(2¢ +3)
CG = 7
3 3 (8P el (264 3) T3e 1)

100  7CaCp  sec(2me)l'(e —1)
6 (8m)2I'(3e+1)(3 + 2¢

( ) (2¢+3)
C T(e+1)T (2¢+3 )> ©70)

(9.69)

25
(12 — 92063 — 3962 — 22€
) 1

In the CG computation it is easy to see that there are no C%Tpnf contributions to the 1/m
potential by inspection of the possible diagrams at O(a2).

Furthermore, as stated above, we can determine the NLO 1/m potential in the on-shell scheme
for unequal masses. Now, however, the field redefinition relating it to the off-shell potentlals

induces a non-trivial dependence on the masses, because 2D%0X # DOHX in Eq. (9.61).
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obtairll]
V(I,U) V(O,l) 2\ 2
on—shell + on—shell _ My 271_20% (gB {dlfl 26 (971)
mq mo mi1ma ar

(6 +1)(3e+1) sc(7re) sec(27re) C

dl]:l 2¢(7)

60 %€ 1 Cr(e(4e +7) +4) csc(me) sec(2me)
+ 26 orp2e T3 2(8m)2T'(2 — €)I'(3e + 1)

1

€

v 1 (2 101  4In?2 49
S04- - (= C T
u4e27r{3 A <36+ 3 ) AT ggleny
e 1617T2+1451+4ln22+1011n2 . 52 L 15 49In2 ]
‘1A T 216 3 18 FRA\ 98 T 5 18
+O(62)}>}
mC%g> [ ¢° g*r*\ bo 1 ( F1-4e(r) )
—_wrd )9y () (1 R 2 VA 9.72
2(my +me) | 47 1Frzer) | 1+ 471' om e V2 F1_o(r) (972)
2-2 2
g\ 1 Fioae(r) (1 € 91 1217 2In2
+( A >7r e\ gl R +g Calg Ty

34 1172 8In2
+Tan( = 17; + g>]+0(62)>}

1C4Crg? > 2(1 +¢) g% /30 ( Fi_ae(r) )
ARy )T 3 1 1 J1mdell)
+ 8m, 4 1+ 2¢ diFi2c(r) { 1+ 47r 21 € V2 Fi_o9(1)

2-2€
PPN Fioadr) (2 1 (101 4 ) (11 8 )
- Z(Ca+2Ck)= = Ca (5 + 22 = -2
+( dm ) ropte \30aT 2O = Cal Gyt g2 ) T 0r (g g
L 49 1672 22 8 115 | 572 49
T S22 = Tong [ oo+ 20+ o ln2
36 F”f“{CF( 9 3 3 ) F”f<54 METIEE )

1451 16172  101ln2  4In*2 5
+CA<216+ > T s T 3 )}—i—(’)(e))}.

We remark that in the first equality we keep the complete € dependence of the terms proportional
to the color factors C#C4 and C%Tpny. This is an outcome of our calculation. In the second
equality we expand to O(e).

Finally, note that, unlike for the off-shell and Wilson-loop potentials, it does not make sense
(1,0) (0,1)

\% Vv
to define the 1/m potential Vo(n S)hen alone. Only the combination —e2=shel 4 —en=shel s meaningful.
A similar argument applies to 1/m potential in momentum space.

"We give here the result in position space. Note however that through the relations in Sec. it is straight-
forward to translate this into momentum space.
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9.4 Renormalized potentials

So far we have obtained the bare potentials for different matching procedures. The different
results can be related by unitary field redefinitions. Therefore, the physical spectrum of the quark-
antiquark system will be the same irrespectively of the matching scheme used to determine the
potentialsﬁ In order to produce physical results one always has to add the ultrasoft contribution
to the respective observable. The ultrasoft calculation relevant for the determination of the B,
spectrum yields the following contribution to the (singlet) heavy quarkonium self-energy (in the
quasi-static limit), Refs. [38}39,57]:

P2+ Ol(=3—2¢)

2 5(1 —loop) = —g5CrV3i(1+¢) e

(hs — E 4+ AV)3T2r | (9.73)

where AV = VO(O) — v,

In general, ultrasoft contributions will depend on the basis of potentials used, but, up to the
order we work at here, it only depends on the static octet potential, which is not affected by the

field redefinition in Eq. (8.68)).

The (ultraviolet) divergences of Eq. (9.73]) that are associated with the pole of the heavy
quarkonium propagator (i.e. those independent of hy — F) should cancel the divergences of the
bare potential V. We collect them in §V:

AL AR (9.74)

so that VSNTS produces finite physical results. This does not necessarily mean that VSNTS is finite
in the four-dimensional limit, as the cancellation of divergences should only occur in physical
quantities and not necessarily for each individual potential separately.

Let us elaborate on this point. In order to transform Eq. into Eq. we need to
get rid of the factors hy — . The way to do this is not unique. In fact, we do it in two different
ways. In the first one we take Eq. and move one factor of (hs—FE) to the left, one to the
right, and the remaining one in is moved such that one obtains a (hs — E)-free divergence that is
cancelled by the counterterm (note that V32 does not appear in this expression):

SVCF) = <r2(AV)3 - % [p, [p, VO] + ﬁ {p>av}+ nim/ <rdV(0))

2mz dr
1 ) d d 2
+ (AV)*(3d = 5) +4AV [ (r—AV | + AV )| + [ (r—AV | + AV
2m, dr dr
1 1 2 —2¢
x ~CpVi— 9B (9.75)
3m 4w

This expression was used in Ref. [103]. In a second way, we take (hs— E)? and move one factor
of (hs—E) to the left, one to the right, and the remaining one is split in half and symmetrically

8Nevertheless, one should be careful with other observables such as decays. The Wilson coefficients of the
corresponding operators will potentially depend on the basis of potentials used.
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moved to the left and right in Eq. (9.73)). We obtain

s

v = <r2(Av)3 = gz [P [PV + 2;2 {pt.av}+ Q:ng {p {p. 10", AV}

T

g [ (o) v (o) )]

2 —2€

_|_

(9.76)

Therefore, even if Eq. is not ambiguous, Eqs. and are. Still, they are related
by field redefinitions, or in other words, they differ by terms of O(hs — E’)H Hence, combining
Eq. or Eq. with our expressions for the potential yields the same physical result for
the spectrum. Yet, note that, e.g. in V, cq —5VS(W) there is no cancellation of the divergences and
therefore it does not yield finite four-dimensional expressions for the potentials. Formally this is
not a problem, because the uncanceled divergences vanish in the calculation of the spectrum, but
we are then forced to compute intermediate results in D dimensions. In practice, it is therefore
convenient to find finite renormalized expressions that allow us to work in four dimensions. This is
achieved by subtracting 0 VS(W) from Vs w and o V;(GF) from the bare potentials in the CG/FG off-
shell and on-shell schemes. Finally, Eq. plus the fact that V4 = 1 with leading logarithmic
accuracy (Ref. [155]), and the relation between the bare and renormalized expressions of the
NRQCD Wilson coefficients presented in Sec. we obtain the renormalized potentials for the
different matching prescriptions.

In order to simplify the notation we drop the index MS of the NRQCD Wilson coefficients in
the expressions of the renormalized potentials we give below. Note also that the divergences of
the bare NRQCD Wilson coefficient ds, we use in this work (computed in FG), do not cancel the
divergences of W(l’l), they rather compensate the divergences of W(Z’O) and W(O’Q). One should
bare in mind that, had we computed the NRQCD Wilson coefficients in CG, we would find
no mixing between these potentials for the cancellation of divergences. See the renormalization
group equations in Ref. [139] for the latter case.

We now list the final expressions for the renormalized potentials obtained in the different
matching schemes in position space. In the off-shell CG scheme they read

MS Crag 5 13 4 8
K(QCOG)MS(T) — YrGs (cg) + O:{ 5 (CS) + c]fl(l)> Tpng + <0(1)2 + - ——In 2) Ca

8 36 3 3
+ ((4 4 2092) Ca— % (c) + by Tan> ln(u)}> 476 (r)
n C'g:g {(4 T zcgﬂ) Cy— g (Cg) + cflll(l)) Tan} 1regr—13 , (9.77)
Végj(gém(r) = %fgicfl (1 - gln 2) : (9.78)
Vég:g)ém(r) = —C?I::g %C’A In(vre™®), (9.79)
V;%é)’MiS(T) = |:417T(dss + Crdys) + Cgas (1 - O‘? {gécA + % - %CA In2

9See also the discussion in Ref. [154].
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— Teng+ (50— 50r+ ) mo ) |49

18
2 (e T )
Véé:gém(r) - CF@S(;M {1 += (gg - gcA In2+ ;Tpnf>} ,
V;E;(IJ)GI\TS(T) = —W {1 + % <_?84 - %nfTF + gCA In (Vre”ﬂ)} ,
VDS 1y - CECA0RCTr) ) oe (800, B

+ %(CA +2CF)In (l/reVE))} :

In the off-shell FG scheme, we have

3w

S 205C 402 35 1
VGRS () = Vi () + 5 2% (224 32 |2m0°(@) + 512,

,0),MS S CrCaa? 35 1
VS('?,g‘)GM ( ) VSEI C)oll\ﬁomb( )+ (21 2+ 16) |:27r53(r) + 703112:| )

3T
35
V() = V)~ S (2m2+ ).

Coulomb 312

The renormalized potentials obtained from the Wilson-loop prescription are

2,0),MS Cras (1)  as 1 3 12 8
VTSW) (r) = 3 <c$3)+{9<cg)+cl())Tnf+<36() +3>C'A
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CFa 4 5 2/ hi (1) 1
{(3 6 > A= 3 (cD +c )Tpnf}regr:,),
_ 2
Ry - CACEE (1)

W m \3 ' 3
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" (CBer oot Smap] v
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1,1),MS Crag(e % /1) 97C4 1
WM () = 21“{1+ - ( T 9Tpnf — fC'Aln(WeVE) ,

V(2 0), MS( ) — _M ( + 111’1 (rye’yE)> R

FNf

(1,1)MS, \ as(e 7" /r) Qs
Vo'W (r) = *CFf 1+ - TC'A - §Tpnf + §CA In (vre’®) | ¢,

—= 2(e—E
NSy _C’FC'AaS(e /T) {1+
4r2
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9.5. Static and spin-dependent potentials

Finally, we present the renormalized potentials in the on-shell scheme:

MS Cras as [ 5 13 1
V;'(On)shell( ) FT (C(Dl) + ? {— ( (1) +c C1 i )) Tpnf —+ (0(1)2 + 3) CA

9 36 ©
" ((6 (1)2 +4> C 3 (053) +C}111(1)) Tan> ln(y)}) 4763 (1)
Cpaz 5 (1)2 2/ ) Kl (1) 1
+787r {(GCF +4> CA_g ( + )Tpnf}regﬁ, (9.94)
MS Cra?1
VIO )= OOt L0 ) .
MS 1 Cra as [a 1 C
V;(inlzi\}/fu(r) = {4 (dss + Crdys) + I; i (1 + ?S {41 - ECA + ?F
+ ( CA—CF-i-éO) n(v )})] 471'5(3)(1')
CF O[s BO 1
) 7m CFaS € E r as 8
VDM ) = —(T/) {1 + 2 <a1 +5Caln @ME)) } , (9.97)
yLOMS () 015 2 02(e—8
on—shell (T) + on—shell (7”) _ CFas (62 /’l") my (1 " %(al B IBO)) (998)
mi mo 2r mims 2
CrCaa2(e 75 [r) { (89 49 )}
— S 1 — — 1 VE
A, 2 +—= 36CA 36Tan Cr+ 3(C'A +2CF) In (vre’?)

We remark again that in Eqs. —, the renormalized expressions of the Wilson loop po-
tentials have been obtained by subtracting Eq. from the soft Wilson loop result, whereas
the rest of renormalized potentials have been obtained by subtracting Eq. from the respec-
tive soft results. Any of the above sets of potentials produces the same spectrum. We also stress
that our renormalization procedure does not just subtract the 1/e poles, but also adds some finite
pieces and an € dependence to the renormalized potentials. We do this in such a way that the
ultrasoft bound state calculation is simplified, as we will see in Sec. [10.1}

We quote the corresponding expressions for the renormalized potentials in the different match-
ing schemes in momentum space in Appendix Note that what we get is not the result one
obtains by just subtracting the 1/e poles in momentum space (which is what it is usually named
MS scheme). This renormalization scheme would complicate the (ultrasoft part of the) bound
state calculation for the spectrum. For our purposes, it is more convenient to do the subtraction
in position space, and the prescription we have proposed here is particularly useful, because it
avoids spurious logarithms of k2. We will refer to it as MS scheme here. In this way we can
efficiently carry out the bound state computations in four dimensions.

9.5 Static and spin-dependent potentials

The static and spin-dependent potentials are needed in order to achieve the precision we are
aiming for in the computation of the spectrum. Their expressions in momentum space can be

found in Appendix

119



Chapter 9. Determination of the potential for unequal masses

The static potential, as we have already mentioned, is gauge invariant by itself, and therefore,
the previous discussion on matching schemes and field redefinitions does not apply. Note that the
static potential is affected by ultrasoft divergences, which we renormalize following the discussion
of Sec. The MS renormalized static potential reads

(0) _ Cras(v) 3 as(v)
V;MS(T)——{I—F;( o

>nan(7")} , (9.99)

,
with the coefficients
a1 (r) = a1 + 26y In (ve’®r),
2
as(r) = as + %ﬁg + (4a1 80 + 261) In (ve?®r) + 4ﬂ02 In? (ve'®r),
2 2 57 3
asz(r) = as + a1 857" + ?5051 +16¢3 3
16
+ (%%8 1 6azBo + 4arfy + 262 + 3cjw2) In (ve7*7)
+ (120183 + 108081 ) n? (ve e r) + 863 n® (ve?r) (9.100)

Explicit expressions for the coefficients a; can be found in the literature Refs. [36-41]. For ease
of reference we list them in Appendix [A]

The spin-dependent potentials have been defined in Egs. —. Their D-dimensional
structure requires a further study and examination, since objects such as the Pauli matrices
and the Levi-Civita symbol are only well-defined in integer dimensions. This study is beyond
the scope of this thesis, and so we relegate it for a future work. However, one should bare in
mind that this potential is not affected by field redefinitions, and it is therefore gauge invariant.
For completeness we quote here their renormalized expressions that read (renormalized NRQCD
Wilson coefficients are understood)

20, Cros(e™®/r) [ 1) as[(5 rv 5
Vig (r)= R L M | v +1In P Ca+ §TFTLf

} : (9.101)

T
Vs (r) = Vis” (rie§) = e, (9.102)
(1,1) 2CF [ (1) (2 3
V52 ( ) - T {CF CF Qg — m(dsv + Cdev)
a? (-1 5 Bo 7 5
S0, -2 U 4
+ - (72 Ca gnfTF—i— ( 5 4C’A) ln(u)) 70°(r)
Cra? (By 7 1
+ 6 (2 - 4CA) reg s (9.103)
), Cr Oés(€4/3_7E/7“) 1) (2) , as [[(13 vr 5
V512 (T) - TT—3 Cr' Cp + ? % —1In m CA — §nfTF , (9104)
(1,1, \ as(el=7E /r) 1 as [(13 1 vr 5
Vigsi(r) = Cp——5———" ¢ + — 35 "oy ) ) Ca—gneTe| g (9.105)
Vis () = Vigs) (rief) = i) (9.106)

where the reg function has been defined in Eq. (4.26]).
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9.6. Poincaré invariance constraints

Egs. (9.101)) and (9.104)-(9.106]) correct misprints in Eqs. (70) and (71) of Ref. [103] (when
setting the masses equal). For the spin-dependent potentials, and for our purposes, we can
work with the four dimensional expressions for L - S;, S12 and S2. Even though the (soft)
matching calculation for these spin-dependent potentials exhibits ultraviolet divergences, they do
not require renormalization in pNRQCD. The divergences exactly cancel the ones of the NRQCD
Wilson coefficients, so that the overall spin-dependent potential in pNRQCD is finite (to the

order of interest), cf. Egs. (9.101))-(9.106])).

The spin-dependent potentials are unambiguous (at least to the order we are working at).
They were originally computed in Ref. [141] at NNLO, in Ref. [156] for the N®LO hyperfine
splitting, and in Ref. [143] the complete expression for unequal masses was obtained.

9.6 Poincaré invariance constraints

The Poincaré algebra induces non trivial constraints on the form of the Hamiltonian of NR
systems where Poincaré invariance is no longer explicit. In the context of our computation the
following two relations for the heavy quark potential can be derived

rdV O (p
20) Ly T (r)

21,39 _ v} —0 (9.107)

2 dr ’
dv O (r)
" dr

Note that they do not involve the NRQCD Wilson coefficients.

These relations were originally found in Ref. |[149] by explicit calculation of the potentials in
terms of Wilson loops. In the context of pPNRQCD, and explicitly using the Poincaré algebra,
they were deduced in Refs. [157,/158]. We have checked that our results fulfill these equalities: we
have explicitly verified that Egs. (9.107) and (9.108)) are fulfilled by the bare and renormalized
potentials obtained from off-shell matching in CG and FG and from Wilson-loop matching.

a9 4oy )y Oy ~0. (9.108)

On the other hand, we stress that the Poincaré invariance constraints cannot be applied to
the results in the on-shell matching scheme. The reason is that Egs. and are
derived assuming a certain mass scaling of the potentials. This assumption does not hold for
the potentials obtained by on-shell matching, as the latter mixes different orders in the 1/m
expansion.

Finally, it is easy to see that the above Poincaré invariance relations are not affected by
our field redefinition in Eq. (8.69)), as the latter produces shifts of the form 5VI€%’1) = 26VIE§’O),

5VI£21 - 25VIE§ ’0), and leaves the static potential V() invariant.
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Chapter 10

The B, mass to N°LO

We are now in the position to compute the spectrum of a heavy quarkonium bound state made
of two heavy quarks with different masses with N3LO accuracy in the weak coupling limit. We
have obtained explicit expressions both for the static potential and its relativistic corrections in
Chapter [9] In Sec. we quote the energy shift produced by the ultrasoft contribution. In
Sec. we quote the energy shifts associated with the static potential. In Sec. we compute
the energy shifts associated with the relativistic corrections to the potential, and in Sec. we
present our final expression for the heavy quarkonium mass.

10.1 The ultrasoft energy correction

Combining the results given in Refs. [39,/58,/159] we find for the ultrasoft contribution to the
energy:

312 1 5\ (C%  4C4Cp
SEYS = —EC%s | 2081 4 —C (L,, ~L > —A g ZARE
nt no |30F g0 ust5)\ 2 T @i+ n
8 1 85 c 5
2 10 ~2 A
#20F (G )+ G (0= 5 (B tws )] o)
where ES = ~C557 L, =In (5% ) + Si(n +1), Lus = In (962:) + S1(n + 1), and the
Bethe logarithm is defined as
1 o @k 2\®  ES
LE:7/ 2| EC - In——L 10.2
"= (Cra)?ES Jo T ( " om) B2 e

Numerical determinations of these non-Abelian Bethe logarithms were obtained for low values of
n in Ref. [39] for | = 0 and in Ref. [160] also for I # 0.

10.2 Energy correction associated with the static potential

We extract this contribution from the results of Ref. [160] for equal masses, as it has a trivial
dependence on the mass. We (partially) adopt their notation in the following. For the ground
state and first excitations the contribution was computed in Refs. [161-163]. It follows from
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Chapter 10. The B, mass to N°LO

standard (time-independent) quantum mechanical perturbation theory up to third order and
reads

8 16

0E(n,1,5,9)| = BS [1+ZPi(L,) + (2 “pstroy + () Pe(ry) (10.3)
LS ] v (0) n T v T 2 v T 3 v ) .
where
ai
P]-(LV) = BOLV + ? ) (10.4)
3 2 3
Py(L,) = Sparz 4 (00 4 Ovy ) b e (10.5)
4 2 "4 4
1 6 7 3
P§(L,) = §ﬁ§ij + (—50 4+ oy | 4ﬁ§a1> L2

85 BB, B2 3 3B1a1 5 C%
— e 2 C LV C 7Ly, 1 )
+<4 1 T1g g t2at =g Ty (10.6)
and
2 2
c_ 01 a2 Boay 2 (M ™ _ 2£ B 1 n
Cy = 6 + 2 1 + B <2C(3) + 3 <1 3 ASm) 252(n+l) + QEa(n,l) 7 (10.7)

Boar  3foai  Poaz  fiar @i 3aiay

as c 3
— . (10.
S 39 16 16 16 3 + 39 + a1¢5 + Popro(n,l) + ByT(n,l). (10.8)

c5 =

Expressions for the different parameters and functions involved in these formulae are quoted in
Appendix [A]

10.3 Energy correction associated with the relativistic potentials

Here we explicitly compute the energy correction up to N>LO associated with our results for the
relativistic 1/m and 1/m? potentials. Recall that there is no O(as/m3) potential.

The non-static (i.e. relativistic) NNLO correction to the bound state energy reads
a2
SE(n.1,5.5) = ES (%) o (10.9)
w

where

ne _2m£w20% { 1— 6 (mQ
I

mq 8510 }
= X D 2X —X —S8
c e FO@ 1) Ly s, + (Ds +2Xrs) + — LS2> + 12

3

22
mi;m*Cp 1 1 [ 8n ( CA) } }
|30+ 2 (op+ A — 4
4n? {m1m2 Cr + m2 3Cr 20+ 1 Cr 2 nCrou
CrQlc,SD CIQIC’SI, (1010)

and X15, X1s,, Ds and S12 have been defined in Appendix [H.1}

By default we will use the on-shell potential for the computation, as it will ease the comparison
with other results, in particular those of Ref. |160]. However, we emphasize that using any other
scheme will not change this results. We split the computation of the N3LO correction to the
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10.3. Energy correction associated with the relativistic potentials

bound state energy into a spin-dependent and a spin-independent part. The spin-dependent
contribution can be organized as follows:

(2,0) (0,2) (1,1)
V. V. V 16Crma 1
SED = (nl] | 22— 4 25D nl) + ———=819(nl|V} ———63(r)|nl
Jjjanl < |< ml m% m1m2 O(Lg)> 3mima 12< | 1(Eg—h)/ ( )| >
asCp my msy 1 1
Dg +2X —X —X IWV——F—=|nl
+m1m2 ( s Ls+m2 LS2+m1 LSI) (nl 1(Eg—h)'7'3‘n>
3
s
_ EC s nc,SD 26, L, nc,SD 10.11
n (71') (CS 6 C2 ) ’ ( )
where
Crog
Vo =— 7“’ Vi= VC—(QﬁO In(vre™) + ay), (10.12)
and
by < ! ! ) S (10.13)
(EC —hy  mapc\E_h E_EC)’ ~om, O ‘

Note that this procedure is exactly the same as the analogous one in Chapter [5l In fact, the way
to compute it is through Eq. (5.5) (generalised for two different potentials), where the Coulomb
Green function is the one in Eq. (5.8]) for Z = 1 and making the change o — Cpas.

Using the expectation values given in Appendix for single and Appendix for double
potential operator insertions we find

S n s
g = (CFfFFF + CRCAEREA + CRTrn p&ppus — gﬁocgc’ D) ; (10.14)
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Chapter 10. The B, mass to N°LO
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and Ly =In (C;Las) + S1(n+1).

For the spin-independent part of the energy we proceed in the same way. In this case the
energy shift can be written as

10) 101 (200 02 A1)
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Using again the expectation values in Appendix [H.I] for single and Appendix [H.2] for double
potential insertions we obtain

oSt — 72 (ij‘ €ann + CACr Eaar + CACFTEn éarn, + CETrépr + CH&Rpp
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10.4. The O (ma?) spectrum for unequal masses
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10.4 The O (ma?) spectrum for unequal masses

Summarizing the previous results, we can present the complete expression for the energy levels
of a heavy quark-antiquark bound state with unequal quark masses and N3LO accuracy:
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Chapter 10. The B, mass to N°LO

where ¢; = ¢ + ¢°.

We have checked that for the ground state the result agrees with the NNLO B, energy given in
Ref. [164]. For arbitrary quantum numbers the NNLO result can be found in Ref. [165] (though in
a basis different from ours), and in Ref. [166] for the equal mass case. We have also checked that
our results agree with the N3LO energy in the equal mass case, which was obtained in Ref. [161]
for the ground state, in Refs. |[162,|[163] for S-wave states, and in Ref. [160] for general quantum
numbers. We also agree with the numerical results given in Ref. [167].

All relevant definitions for the functions and parameters in the previous formulae can be found
in Appendix [A]
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Chapter 11

Conclusions

In the second part of this thesis we have studied heavy quarkonium systems with different quark
masses in the extreme weak-coupling limit. These systems are very similar to the ones studied
in the first part of the thesis, with two main differences: their gauge group is different (U(1) vs.
SU(3)) and so is the theory of their hard dynamics (HBET vs. QCD). The product of the latter
is encoded in the Wilson coefficients of the effective theory NRQED/QCD. Once in this theory,
the only difference is related to the gauge groups. We performed the matching computation of
NRQCD and weakly-coupled pNRQCD for heavy quarkonium with different masses that allows
us to obtain the spectrum to N3LO.

We have computed the O(a2/m?) contribution to the heavy quarkonium spin-independent
potential in the unequal mass case. We have obtained the bare D-dimensional expressions for
different matching schemes in momentum and position space. We have performed all our calcula-
tions in CG and CF. Perturbative evaluations of loop diagrams in CG have always been thought
of to be complicated and difficult to handle, especially for non-abelian theories. On the other
hand one typically has to compute less diagrams in that gauge. For the one-loop calculations
(using dimensional regularization) carried out in this work, CG has proven to be a competitive
method.

In momentum space, the results are encoded in the coefficients Dy. The coefficients

D7(4722’0), [?SQ’}Q) and DSQ’I)

found in Egs. —. The expressions for 15(()?;?2), 15(()?2) are matching-scheme dependent.
They vanish in the on-shell matching scheme. For off-shell matching in CG and FG we give their

results in Eqgs. (9.12)), (9.13)), and in Egs. (9.15]), (9.16)), respectively. Wilson-loop matching yields

the corresponding expressions in Eqs. (9.45)), (9.46)). The results for the individual potentials in
terms of Wilson loops are manifestly gauge invariant.

~(2,0)
Dp2,2 )

are independent of the matching procedure. Their expressions can be

These results, obtained from different matching procedures, can be related by field redefi-
nitions. We have identified the field redefinitions that relate the O(a2/m?) heavy quarkonium
potentials in the different matching schemes. These field redefinitions are valid in D dimensions
and can be applied to the bare potentials.

Our calculation yields an independent determination of the bare O(a3/m) potential piece
proportional to the color factors C’IQ;CA and C’%T rny for unequal masses and for the different
matching schemes considered in this work. For the equal-mass on-shell case it agrees with the
results of Refs. [140/153] up to O(e), but we remark that we also predict the complete € dependence
of these terms of the potential. Using the equal-mass on-shell result of Refs. [140,153|] together
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Chapter 11. Conclusions

with our new O(a2/m?) potentials we have determined the other terms of the O(a2 /m) potential
(proportional to CrC?% and CrCaTrny) for unequal masses and the three different matching
schemes to O(e).

For the 1/m potential in terms of Wilson loops we summarize our results in Eq. (9.67)), and

the corresponding momentum space coefficients [)S{,g) and Dgé),) can be found in Eqgs. (9.65

and . In the off-shell CG and FG matching schemes, the coefficients D;LO) and Dél’o) can
be found in Egs. —. In Eq. we present the position-space expression for the
unequal-mass 1/m potential in the on-shell scheme (note the non-trivial mass dependence). In
the latter case it is actually meaningless to define the coefficients D19 as they would depend
on the heavy quark masses.

We remark that, in the Wilson-loop scheme, the terms of the O(a2/m) potential proportional
to the color factors C%Cy and C3Tpns vanish. For the CG/FG off-shell matching the C%Trn
term is zero, whereas in the on-shell scheme all possible color structures contribute. This suggests
that using Wilson loops might be the optimal setup to determine the 1/m potential.

In summary, we have obtained the bare heavy quarkonium potential for unequal masses
with the required precision to compute the B, mass with N3LO accuracy. We have determined
the renormalized potentials in the different matching schemes in Sec. and discussed their
dependence on the specific ultrasoft subtraction scheme. We have seen that the relativistic
potentials obtained in the Wilson-loop and off-shell matching schemes (both the renormalized
and bare expressions) satisfy certain constraints due to Poincaré invariance, unlike those obtained
in the on-shell matching scheme.

We have performed the computation of the B. mass with N3LO accuracy for arbitrary quan-
tum numbers in Sec. The final theoretical expression is given in Eq. . Note that,
even though the expressions have been obtained in the weak-coupling limit, one can easily obtain
expressions valid for m,a? ~ Aqcp by subtracting the perturbative expression of the ultrasoft
contribution, Eq. , and adding the corresponding expression in that regime (which then
includes non-perturbative effects). A phenomenological analysis will be carried out elsewhere.

Other important results of our computation are the NLO expressions for the soft contribution
of the 1/m and spin-independent (and velocity-dependent) 1/m? quasi-static energies in the
short-distance limit. These quasi-static energies represent non-perturbative definitions of the
heavy quarkonium potentials. At this order, the quasi-static energies start to be sensitive to
ultrasoft effects. Therefore, our results are, in fact, factorization scale dependent. To obtain
“physical” results that can be compared with Monte Carlo lattice simulations, like those obtained
in Refs. |168H170], the ultrasoft contributions to the relevant Wilson loops must be computed
and added to the results of this work. This calculation will be carried out in a forthcoming
publication.

The analysis of this work allows us to grasp the advantages and inconveniences of each match-
ing scheme for perturbative evaluations of the potential. As a matter of fact, we find that all
methods appear to be feasible in practice. In particular we found that perturbative computations
using Wilson loops are not only feasible but may even have some advantages: The potentials in
terms of Wilson loops encapsulate in a compact way all the information related to the soft scale,
they are correct to any finite order in perturbation theory, and neither kinetic operator inser-
tions nor potential loops have to be considered in the computation (which otherwise can be quite
cumbersome at higher orders). We emphasize that, in the case of pure QED, it is possible to
obtain closed expressions for some potentials, so that only a few orders in perturbation theory
contribute. This implies some all-orders non-renormalization theorems (for the QED part) and,
thus, also constrains the ultrasoft contributions.
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Final Remarks
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In this thesis we have studied the physics of weakly bound states made of two heavy fermions
with different masses. Their description is performed in the framework of EFTs, more specifically
pNRQED and pNRQCD. We have computed the potentials up to N3LO and, as an application,
we have used them to determine some energy levels.

We have established that the right theory in which to perform computations for these bound
states is a theory at the ultrasoft scale. In the case of states bounded by QED it is clearly
perturbative, since at low energies the coupling constant is a small parameter comparable to the
relative velocity between the constituents, o ~ v. However, in the case of systems bounded by
QCD we also need to take into account the relation of the scales of the bound state with the energy
scale that characterises the strong interaction, Aqcp. We work with bound states that, in the
potential energy regime, fulfil mv > Aqcp. These systems can be described perturbatively, which
allows us to compute a model independent potential for them, independently of the size of mv?.
However, in order to obtain the spectrum we need to take into account the ultrasoft corrections
to the energy. These corrections can be computed perturbatively in the limit mov? > Aqep.-

The first part of the dissertation is devoted to pNRQED, with special dedication to the Lamb
shift in muonic hydrogen. We have obtained the potential terms that allows us to compute
the Lamb shift up to O(a%Ina). Within this computation the hadronic part of the NRQED
Wilson coefficients is of utmost importance, as it is the main source of the theoretical uncertainty.

Conducive to computing such Wilson coefficients in a model independent way, we perform the
matching of the hadronic TPE from HBET to NRQED.

In order to describe such matching, we need to compute the effects of the hadronic structure
of the proton on the Lamb shift in muonic hydrogen in terms of the interaction with photons
and pions. We have computed and studied the spin-dependent and spin-independent structure
functions of the FVCT of the proton to O(p?) in HBChPT. These functions come out of the
exchange of two photons between the proton and the muon. We have included the contribution
of the Delta particle, not only because it is the closest resonance to the proton (and not so far away
in terms of mass), but also because in the large- N, limit proton and Delta become degenerate in
mass. We have provided the computation of the FVCT structure functions associated to the m.;
and A scales in D-dimensions. This completes previous partial results.

By incorporating these results to the NRQED coefficients cgli and cili, which appear in the
1/m? delta-like potential in pNRQED, we obtain the hadronic TPE corrections to the muonic
hydrogen Lamb shift. Moreover, with this computation, we obtain the leading chiral and large
N, structure of both coefficients, i.e. we determine their non-analytic dependence on m, and ..
This makes our result useful for eventual comparison to the lattice.

The contribution of this potential to the Lamb shift is therefore a pure prediction of the chiral
theory, and hence it is model independent. We would like to emphasize that the energy shift
associated to the TPE which we obtain is the most precise expression that can be obtained in a

3
5 m

X3 ) effects are not controlled by the chiral theory and
QCD

model independent way, since O(m,«

would require new counterterms.

The remaining of the first part of the thesis is devoted to reviewing the QED-like contributions
to the Lamb shift in muonic hydrogen, and organising them within an EFT language. We have
checked most of the results, and corrected some of the analytical formulae obtained previously
in the literature. We have used the well-defined power counting of the EFT to estimate the size
of the uncomputed terms and therefore the uncertainty of our result. We have reorganised the
potentials making their dependence on the Wilson coefficients explicit, which is suitable to obtain
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information of higher order contributions. As a by-product of these study we have obtained the
full N3LO spectrum for muonium.

We have used the computation of the Lamb shift to determine the size of the electric proton
radius. We do so via the comparison with the experimental measurement of the Lamb shift
in muonic hydrogen first carried out at PSI in 2010. Our expression for the Lamb shift has a
pure QED-like term, encoding all the contributions that consider the interaction of point-
like fermions, a hadronic term, which takes into account the radius-independent effects of the
hadronic structure of the proton, and a term proportional to the proton radius, which
arises from the finite-size effects of the proton and allows us to obtain its value. In fact, in the
EFT language, the latter is encoded in a Wilson coefficient, hence it is a well-defined quantity.
The value for the proton radius that we obtain here is still 6.8c away from the CODATA value.
Therefore, we give model-independent significance to the proton radius puzzle. In this respect,
we hope that all the new experiments related to this puzzle that are taking (or will take) place,
will shed some light on the origin of this discrepancy.

On the second part of this work, we have studied heavy quarkonium with different masses
at weak coupling. In particular, we have computed the relativistic corrections to the heavy
quarkonium spin-independent potential at N3LO.

For the O(a2/m?) potential we have obtained the bare expressions (in D-dimensions) for
different matching schemes in momentum and position space. We have performed all our calcu-
lations in CG and FG. It is usually assumed that perturbative computations in the CG (specially
for non-Abelian theories) are complicated and cumbersome, due mainly to the structure of the
propagators. However, the number of Feynman diagrams contributing to a given process is usu-
ally smaller than in FG. We concluded that the Coulomb gauge is in fact a competitive framework
in which to carry out these computations.

In momentum space we have split the potential into three different structures. Two of them
only contain on-shell information, and thus are independent of the matching procedure: in posi-
tion space one is related to the momentum operator and the other only depends on the position
operator. The third structure is what we define as off-shell potential. It is related to the fact that
we are not working in a minimal basis of potential structures, and therefore there is some mixing
between this structure and the 1/m potential. Therefore, the off-shell potential is matching-
scheme dependent. We have compared the main different matching schemes: on-shell, off-shell
(in CG and FG) and performing the matching with Wilson loops. The first two matching schemes
come out of equating the truncated on-/off-shell Green functions in NRQCD and pNRQCD, while
the last one is given by the formulae that come out of equating the gauge invariant off-shell Green
functions in both theories. The results for the individual potentials in terms of Wilson loops are
manifestly gauge invariant. Moreover, the results obtained from different matching procedures,
can be related by field redefinitions. We have identified the D-dimensional field redefinitions that
relate the O(a2/m?) heavy quarkonium potentials in the different matching schemes.

Our bare calculation yields an independent determination of the bare O(a2/m) potential
proportional to the color factors C’%C’A and C’%T rny for unequal masses and for the different
matching schemes considered. Using the equal-mass on-shell result in the literature, together
with our new O(a2/m?) potentials, we have determined, through field redefinitions, the other
terms of the O(a2/m) potential (proportional to CrC% and CrCaTrny) in the three different
matching schemes to O(D —4). It is worth noting that in the Wilson-loops scheme, the terms of
the O(a3/m) potential proportional to the color factors C2C4 and C#Trny vanish. This only
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happens for the C%Trn ¢ term in the off-shell matching schemes we have studied. This suggests
that using Wilson loops might be the optimal setup to determine the 1/m potential.

From our computations it is straightforward to obtain the bare and renormalized potentials
both in momentum and position space. We use a renormalization scheme similar to the usual
MS but making the subtraction in position space. This subtraction is optimal to then perform
the ultrasoft computation of the energy in the most natural way.

Altogether, we have obtained the bare heavy quarkonium potential for unequal masses with
the required precision to compute the B, mass with N3LO accuracy. We have also checked that
the potentials, bare and renormalized, satisfy certain constraints due to Poincaré invariance. This
does not apply to the on-shell scheme.

As an application of these results we have computed the B, mass for arbitrary quantum
numbers. This calculation is analogous to the muonic hydrogen we performed in the previous
part and it also involves the contribution of lower order potentials through perturbation theory,
which has been carried out using Voloshin’s Green function formula.

Note that, even though the expressions have been obtained in the weak-coupling limit, one can
easily obtain expressions valid for m,a2 ~ Agcp. To do so one should subtract the perturbative
expression of the ultrasoft contribution from our final result, and add in its place the corre-
sponding expression appropriate for that energy regime, which would include non-perturbative
effects.

Through our analysis we wanted to grasp the advantages and inconveniences of each matching
scheme for perturbative evaluations of the potential. As expected, all the schemes we have studied
are indeed feasible. However, we find the matching through Wilson loops more advantageous:
they encapsulate in a compact way all the information related to the soft scale, they are correct
to any finite order in perturbation theory, and neither kinetic operator insertions nor potential
loops have to be considered in the computation.

There are many possibilities for further work along the lines of the one presented here. In
relation to the pNRQED section, it would be extremely interesting to obtain the contribution of
the TPE to the Lamb shift from muonic hydrogen experiments. This could be achieved if the
proton radius puzzle was clarified, and the value of the proton radius was then obtained from
e-p experiments. In this scenario, muonic hydrogen data would provide a better value of the
hadronic TPE, as this quantity is suppressed by a power of the lepton mass. Moreover, we could
work to obtain the spectrum at higher orders, which would then improve the determination of the
TPE upon comparison to the experiment. On a different footing, the work carried out here could
be of use to describe other light muonic atoms. One could also use the EFT tools to describe
nucleon-nucleon interactions, e.g. for He atoms. Finally, it would be of great interest to analyse
in depth the EFT determination of the fine and the hyperfine splittings in muonic hydrogen.

On the side of pNRQCD the possibilities are vast. On the one hand, a phenomenological
analysis of the results obtained here is being carried out, which will allow for eventual comparison
with experimental data. As a part of this analysis we will determine the ground state mass of the
B, from which we could obtain a new measure of the charm mass, provided the bottom mass has
been obtained from another source. With this determination we could also study how important
the US effects are, and hence how good our perturbative approximation is. The B, ground state
and its 25 excitation have already been measured experimentally, but we are hoping that many
other related measurements will come out of the LHC experiment.

On top of that, some important results of our computation are the NLO expressions for the
soft contribution of the 1/m and spin-independent 1/m? quasi-static energies in the short-distance
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limit. These quasi-static energies represent non-perturbative definitions of the heavy quarkonium
potentials. At this order, the quasi-static energies start to be sensitive to ultrasoft effects, which
makes our results factorization scale dependent. To obtain results that can be compared with
Monte Carlo lattice simulations, the ultrasoft contributions to the relevant Wilson loops must be
computed and added to the results of this work. We are actually performing this calculation.

On a broader scenario, the application of EFTs to somewhat different areas of research has
proven very useful (for example in condensed matter). A specially relevant case in which NREFTs
seem to be of relevance is in the direct detection of a possible heavy dark matter candidate. Some
work has been carried out in this direction, although there is still much to be done. We plan to
further extend this work.
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Appendix A

Parameters and functions

A.1 QCD-related parameters
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Appendix A. Parameters and functions
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A.2 MS renormalized NRQCD Wilson coefficients

In the MS scheme the respective renormalized Wilson coefficients of the single quark sector are
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The four-quark Wilson coefficients for unequal masses are given by (note that for the equal mass
case the annihilation contribution should be included, see Ref. [71] for the specific expressions):
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A.3 Finite Sums for the spectrum computation

The following functions are defined here in order to lighten the notation of the spectrum. We
follow the notation of [160] for ease of comparison, and quote the functions here for completeness.

These functions are associated with finite sums that we have used throughout the computation
of the spectrum:

'The term in c¢p proportional to Tr does not appear in the result quoted in Ref. [67]. It is generated by the
field redefinition that eliminates the operator GD?G from the NRQCD Lagrangian, see the discussion in Ref. [43].
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A.3. Finite Sums for the spectrum computation

N N i
1 1
Sp(N) = 2‘{ 2 Spg(N) = Xi Zl Pt (A.13)
1= 1=1 9=
ASq, —Sl( l)—Sl(n—l—l), AStp :Sl(n—l—l)—Sl(Ql-i-l), (A.14)
2 . 2
Sa(n, 1) =2 4+ 2 4 Ezg’“), Sp(n,1) = 29 45 ~ASu, (A.15)
!
m) (1) — (D! R(l,m) A1
Ep (TL, ) (n—l—l) Zl(n+m)p51(n+m)v ( 6)
— -1t (k + 21)!
5 (k) _ (n A7
where
Rlm) = — D" (A.18)
T T m) = m) ‘
These functions are present in the energy correction associated to the static potential:
2 1 (k)
o(n,l) = 61 ESz(n +1) + 82
41 ”c(3)+”2(1—2”A5 )—15( +1) + 28,(n,0) (A.19)
2 | 2 8 g e ) T gl g el ) '
3 5 7T2 4
7(n,1) = 5¢(5)n" ~ §4(3) +—1440n(5m5m—4)
1
- ¢B) [(nAS1, = 2)” + 02 {285 (n +1) = So(n — 1 = 1)} +n — 4]
2 2
+ 12 ;LASM (nSaln+1)+1} + %sg(n 1) - Z - nzza(n,l)]
n? 1 1
— 78471(77, — - 1) + TLSgJ(TL - — 1) + 152(71 + l) + 553(77, + l)
+ 27—71(71, l) + 27—72(72, l) + 27—73(71, l) (A.QO)
n2n+ 1) " k— )18 (n—1— k) (n—l—l - (k+ 20)!
e = > ¢ o
S 4n—1—1)! = (k20 k+1—n)! = (k=D k+1-n)
x [(k+l—n)(2k+2[—n){ZnSg(n—l—k—1)—1}
—6{(k+l—n)(2k+2l—n)+n(k—i—l—g)}Sl(n—l—k—l)
+{3(k+1—-n)2k+2l —n)+n(k+1)}{S1(k+20) = Si(n+ 1)} |, (A.21)

o+l K R(,m)
2 ST 01 2 T mp

139



Appendix A. Parameters and functions

X [4n(n +m)?Sa1(n+m) — (4m + 3n)(n + m)Sa(n + m)
+ S1(n +m){—2(n+m)* — 8n + 8(n +m)*S1 (2l + 1) — 2n(n + m)S1 (L +m)
—2(4m +3n)(n+m)S1(l +n) — (4dm —n)(n +m)Si(n + m)}} , (A.22)

"y

n—I[{—1

X

k+2l Sy (n + m)R(l, m) { : 1 1 } (A.23)

Non+m)2k+1+m) 20k +1—n)2 n(n+m)

A.4 List of transformations from momentum to position space

Unlike the position space potential V;, the momentum space potential Vi is a c-number, not an
operator. It is defined as the matrix element

Vi = (p'|Vilp) - (A.24)

In this section we give a list of the different related spin-independent potential structures in
d-dimensions.
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We make use of the following definition:
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Appendix B

Feynman rules

B.1 Feynman rules for HBET

In this appendix we present the set of Feynman rules from the HBET Lagrangian that we have
used in order to compute the FVCT, T including the Delta particle. First we quote the
different vertices that play a role in our computation (Ref. [64])):

27;69’“’ (5ab _ 5(1351)3) e€a3b (qil 4 qg)

RS G
a, q b, qo

I

- - — — —

I
M ’

,/(I,,q ie%S“e“ngb Z'enabgaﬁvﬂ

Y
o)
=
o

INote that, in contrast to the notation of the coupling b; in Ref. [64], we use the notation b1r = 2b;.
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Appendix B. Feynman rules

IJ/ I
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[ ———]
b5 b5
H /’
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P ! —ze—g’}%m ea3be“(k)
//
b, B

where 1 = %(1 +73) 6% — je®3. The values of the Wilson coefficients can be found in
Eq. . Vertices and propagators in the muon line are the usual QED vertices, since the muon
is still relativistic.

The propagators read (Refs. [64,/65]):

H v L .
AVAVAVAVAVAVAVAV —iT > T
q q-+in q v-q+in
a b . sab a, o b, B ' pié%g/bQ
------ T YT > ~op=Ati
where we define de spin operator S,, = %75auyv” and the following functions,
ab ab 1 a, b
379 D —2 2
Paé = ﬁ (gaﬁ - 'Ua’Uﬁ) — ﬁ[sa, SB] (BQ)

These completes the set of HBET Feynman rules needed for our computation.

B.2 Feynman rules for NRQCD

In this appendix we present the set of NRQCD Feynman rules needed in order to compute the
potential at N3leading order.
We start with the propagators. The propagator for particles ¥ and antiparticles x. is the

same.
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B.2. Feynman rules for NRQCD
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We have used the following Feynman rules for the vertices:
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Appendix B. Feynman rules

q,b k,a q,b, k,a
(=) 2

. @) g2 . . .
ichm% (QO o ko) {T“,Tb} o ‘ _ZCSDm% (plz _pz + qz)
[Ta, Tb]
af
B, p a,p B, p a,p

All the momenta are taken to be incoming to the vertex. In CG the last vertex can be reduced
(z)

2 . .

We use the NRQCD/NRQED convention for NR scattering amplitudes, where the antiquarks
are treated as particles living in the anti-representation of SU(3), i.e. the fermion flow (little
arrows) of the antifermion is the same as for the fermion. The corresponding Feynman rules for
the antifermion are then obtained by replacing g — —g and T — (T%)7.

Finally, for the four-quark operators we get:

3 oY 3 o
- d c d

_Zm:;lz 6@56a’ﬁ’ ’Lmls;;LQO'l . 0’2504/350/5/
3 o o o
3 (e} B «Q

—j—tvea T4 i gy gy TO,TY,

mims - af” Blal mims 91 24 ot e

ﬁ/ o ﬁ/ o

Throughout this work we project the states onto the singlet sector, i.e. |s) = \/%50@/, where
a and o are the indexes for the ingoing quarks. For the octet sector we would project onto

|O> = ﬁéaa/.

B.3 Feynman rules for the matching with Wilson loops

In this appendix, we present a set of Feynman rules that can be used to calculate the soft

contribution to Wilson-loop expectation values that contain insertions of the chromoelectric field

E(t), diagrammatically. In our computation we use them regarding Eqgs. (9.27) and (9.29)).
Besides the standard set of (static) Feynman rules of NRQCD at leading order in 1/m, the

only additional Feynman rules needed for our computation are the following three vertices with
an insertion of the chromo-electric field operator E(t) .
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B.3. Feynman rules for the matching with Wilson loops

5] o B o o] o

ige—i(ko-i-lo—&-qo—f—po)t [T“, Tb} o ikoe—i(ko-&-lo—i—qo)tTgﬂ —ikie_i(k0+l0+qo)tTgﬁ

The E(t) operator insertion is denoted by a cross in the diagram on a static quark line. Dotted
and wavy lines represent Ay and A gluons, respectively. All momenta (k,,q,p) are incoming.
We again use the "NRQCD?” convention for NR scattering amplitudes and so the corresponding
Feynman rules for the antiquark are then obtained by replacing g — —¢g and T% — (T%)7.

Because of the explicit factors of ¢ in the Wilson-loop expectation values (see e.g. Egs.
and Eq. ) we are forced to retain the ¢ dependence in the Feynman rules for E¢(¢). As a con-
sequence there is no energy conservation at these vertices, however three-momentum conservation
is understood as usual.
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Appendix C

Master integrals

C.1 Master integrals in HBET

The integrals presented in this Appendix are related to those presented in Refs. [64,/65]. Here we
give the full D-dependence of the functions in terms of which the integrals are decomposed.

/ dPi {1, 0., L, Ll Uil L g}
2m)P (v -1 —qo —in)(I? — m? +in)
—i{Jo(g0, M), vuJ1(q0, M), G J2(q0, M) + vy J3(q0, M),
(guuvoz + Guay + gl/a)v,u!]él(QOa m) + quuvaJS(QOa m)a
(9uv9as + Guagus + Gvagus)Je(q0, m) + (g vavs
+ 9ua¥VyV8 + gupVyVa + guavuvﬂ) + gaﬂvuvu)J7(q07 m)+ ...}, (C.1)

where we can express all the J-functions in terms of the D-dimensional integrations:

Dy (m) = mP~2(4r)~P/2r (1 - 12)) , (C.2)

2(—go)P 3T (2 - L) oFy (352,2 - D, 52D o m?
o ( 2;)131/2((1)2_3) — qg) |qo| < m, (C.3)
A T
= 3_D )
v 2 (VAT (2211 (22))17(;8 ) g < —m, (C.4)
2

since we will also want the renormalized result we give the results also expanded in D = 4 + 2¢ :
2

Dy(m) = %i +O(e), (C.5)
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Appendix C. Master integrals

@

Jolao,m) = -
oo B-L)+ qg_m21n( qg_m2_q°)+0(e)

where

_ 1 2
L = p* <6+(7E11n47r)) +In <ZL2>

All the other functions are related to Egs. (C.7))/(C.6) and (C.5) by:

J1(q0,m) = qoJo(qo, m) + Dx(m),

Taldo,m) = 5 (m® — &) Jo(d0,m) — ao D (m),

J3(Q07m) = QOJI(QO7m) - J2(Q07m)a
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Ju(qo, m) = qoJ2(qo, m) + —=Dx(m),
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Jo(q0,m) ! <(m2qg) Ja(qo,m) — qODn(m)>,

“D+1
J7(qo,m) = mQJQ(qg, m) + (D + 2)Js(qo0, m).

We also define the derivative function which we use in our computation

mn

Jz(n) (QO7 m) = 8(m2)”

Ji(q07 m)

C.2 Master integrals for NRQCD in the Coulomb gauge

= 1 ~1 9
87T2(1—L)—4—7r2\/m2—q(2)cos 1W+O(€) lgo| < m,

(C.6)

q < —m, (C.7)

(C.8)

(C.9)
(C.10)
(C.11)

(C.12)
(C.13)

(C.14)

(C.15)

(C.16)

First we have computed the following master integrals in d = D — 1 dimensions in Euclidean

space:

= {Li(r, 5, k), I5(r, 5,k), I (r, 5, k), 17 (r, 5,k) },

/ dq® {1,¢',¢'¢, 4", ¢, ¢'}
2m)e (a?)"((q — k)?)
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C.2. Master integrals for NRQCD in the Coulomb gauge

where we find:

(C.18)

r+s -7 g _s r4+s— 2
oo () QI

I'(
Iéj(r,s,k)—<k2> (1 T+s{kikjr<gT+2>F(gS)F<T+Sg)

47 k2 rmr(s)r(d—r—s+2)
12D (3-r+ )0 (§-s+1)0(r+s—9-1)
+ o0 F(r)l“(z)l“(d—r—s+2) 2 ’ (C:20)

A7 k2 I'(r)(s)I'(d—r—s+3)

Liﬂ(ns,k) _ <k2>d/2 (1>7"+S {k:ik:jk:lr (5 —r+3> (f —s) r (—% —|—r+s>

d_ d d _
+k2(kl(5ij+kj§il+ki5jl)r( r+2) (2 )FS(;F_l)T _(SE;;TJFS 1)} (C.21)

and

d 2ys m2 g e, (¢4 (r—s—4¢
/ <§li>d<q2(i7)n%f_I*"(“S’k’mQ)_<47r> oy - r<>r>r((§) L o

Now we can compute the following integrals in D-dimensions in terms of the previous master
integrals (to the order of our interest in the loop integrals ko ~ 0). To do so we first perform the
integration in the 0-component of the loop momentum:

dD 1 i a0 AT Al
/(q {1,¢.¢'¢,d'dq'} __ (C.23)

2m)P (¢3 — q? + in)(q — k)q?
— %{11(1/2 +n,1,k), I4(1/2 4 n,1,k), 19 (1/2 + n, 1,k), 17 (1/2 + n,1,k)}.

Note that the following relation holds 5”[? (n,1,k) =I(n—1,1,k).

dD 1 i td Atad Al
/ i 2{72617;1@1,61(1(12} ___ (C.24)
(2m)" (a = k)*a*(g5 — (a — k)* +in)gq

- %{11(1,5/2,k),15(1,5/2,k),fgj(l,5/2,k),13ﬂ(1,5/2,k)}.
Some other useful integrals in terms of Feynman parameters are:

dq” {1.¢".d'¢’} B
/ (2m)P (g5 —a* +in)(g5 — (a—K)* +im) (C.25)

A |
i/ dz {15(3/2,o,k,A§),k2z15(3/2,0,k,A§),‘Sd15
0

(3/2,1,k, A}) + k'K 2 I5(3/2, 0, k, m2>}7
where A? = k?2(1 — 2).
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/ dg” {1.¢".¢'¢.¢'dq"} _ (C.26)
2m)P (g5 — a* +in)(g5 — (a — k)? +in)q?
1 1 .
22/ dz/ ds\/s {15(5/2, 0,k,A2), k'zs I5(5/2,0, k, A3),
0 0
is o
O 15(5/2,1, 0 A3) + 22KW I5(5/2,0.k, A7),
SRR I5(5/2,0,1,A3) + 2 (67" 4 W5 + 1767 I5(5/2,1,k, Ag)},

where A2 = k?s2(1 — s 2).

dg” {1.d'.q'¢’} B
/ 2m)P (@ — @+ in) (@ — (q — k)2 +in)q?(q — k)2 (C.27)

1 1 1 .
%/ dz/ dt/ ds s\/l—s{I5(7/2,0,k,A§),kl (z— st + 2 — 1) I5(7/2,0,k, A2),
0 0 0

ij .
%[5(7/2, 1k, A2) + (2 — s(t + 2 — 1) k'K I5(7/2,0, k, Ag)},

where A2 =k?(2 —s(t+2—1))(s(t+2z—1) — 2z +1).
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Appendix D

HBET amplitudes

Throughout our HBET computations we use the normalization u(p)u(p) = 2m,, and we define
A = mp —my. In what follows m? = m2 — ¢?z(1 — x) and the function Z has been defined in

Eq. (3.45). We work in the rest frame where v = (1, 0).

D.1 Pion loops

Here we collect the amplitudes of all the diagrams contributing to the proton polarizability
through a loop of pions, represented in Fig. plus the ones with a crossed photon lines or
permutations, which are assumed to be implicit in the representation. For all the diagrams here

2
we consider the overall factor A = 2mp%. The J-functions are defined in Appendix [C.1, and in

this case the computation for Jy in Eq. (C.3) applies. Diagrams with only one pion are zero due
to the fact that we are working in the static limit.

MY = Ag"ho(d?, q0), (D.1)
My = A{h (e, q0)(g" = v"0") + ha(6?, qo)ie" *Pua S} (D:2)
My = A{hs(@,00)g" + ha(a®, q0)aa” + hs(q% q0) (@"v” + v¥'q") + ho(g®, qo)v™” },  (D.3)
MG = A{he (e, 0)g"” + hs(a®,00)a"a” + ho(a?, a0)v"v" + hio(g®, qo) (¢"v” + ¢"v)

+ h13(¢%, qo)i(¢ v — 2P0 gr Spua + hin(a?, qo)ie™*’ Spua

+ hia(g?, q0)i(e*q” — P g")q\Sgva } (D4)
ME" = A {h14(q2, q0)v"v” + hi5(q°, go) (¢"v” + ¢"v")

+ hig(g?, qo)i(e 0" — v gy Sgug |, (
MG = Az (g2, qo)vHo”, (
MEY = Ahlg(qz, qo)vH v, (
ME" = Ahig(q*, qo)vHv”, (
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Appendix D. HBET amplitudes

where the h functions read:

ho(a®,40) = —Jo<0 ma) = mzJo(0,mz), (D.9)
hi(¢? @) = (Jo(cJo m2) + Jo(—qo,m2)) (D.10)
ha(¢?, q0) = —Jo(qO m2) + Jo(—qo, m3), (D.11)
hs(¢®,q0) = 2/ do(1 - z) {(D +1) (J§(qoz,7?) + J§ (~qoz,17?))

2 (3 (qow, m )+J£’( qwz,1%))}, (D.12)

4(¢%, @) / dx(1—2)(2x — 1) (D(2z — 1) + 62 + 1) (Jé’(qox m?) + J¥ (—qoz, m2))

(2z —1 x2q2

(%

hs(q?, q0) / da (1 — x{

+2(2z —1) ( q>

— 290 (J4(qoz, ) + J5 (—qow, %)) ) } (D.14)
o) =2 [ e (1= ) {(D = 1) (Hlaow ) + (g, 7))

+ @ (—aa? (J oz, 1m2) + J§ (—q0m,102) ) + 4qo (4 (qow, %) = T} (—qow, %)) )

QOQ’J m + ‘]O —qoZ, m2))} ) (D13)
2Dz + D — 22 — 1) (J (qo. ) — T} (~qoz. %))

(—
(J{’ qo, m? —JI( qoa:,ThQ))

= 2 ( (aow ) + T (—qoz, %)) | (D.15)
hi(q?, qo) = —2 /01 da {Jé (qofc,ﬁﬂ) + J (*qu,ﬂﬂ)}, (D.16)
s = [ doa( = 20) {5 (qo, %))+ (~a0r %)}, (D.17)

ho(q*, q0) = 2/01 da {—qu (J{ (qu, mz) —Ji (—qo:v,mQ)) + Jb (qox, mz) + Jb (—qa:r,mQ)} :

(D.18)

olasa0) = [ dew {2 (20 = 1) () (awr %) + (a0, 7))
+ J1 (qow,10?) = Jf (—qoz,10?) }, (D.19)
h11(q%, q0) = 4/1d:5 J} (qox i ) JQ( Q0 m2)} (D.20)
hi2(g%, 4o) / do (1 - 22) { Jg (a0, m?) = Jp (~aow, m?) } (D.21)
hs(? q0) = — /O dra {7} (qox.?) + I} (~qor,m?) . (D.22)

h1a(q*, qo) = qQO/Ol dx {(D —1)(J; (qu,m2> —J} <_q0x’m2)) +q2(1 - 2)x (J{ (qoa:, 7712)
— Ji (—q()a:, mz)) = qo(1 — 22)(J3 (QOCC,m2) + J5 (—qox, m2))} , (D.23)

h15(q2, qQ) = 2(1]0 /01 dz (1 —2x) {(D +1) (Jé (qox,m2) + J5 (—qox,ﬁz2))
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+ q®z(1 — ) (J(’) (qow,m ) +Jo( Go, M ))}

has(?, 4o) = —;O/Ol de { J3que, m?) — J3(~gow, )}

hirle ) = 22 (<222 (0.m )”2( w.mz) + 2 (a0.m7)).

mus(asa0) =37 (2 (aom2) 2 (a0 m2) = (2 (0.m%) + 2 (0.m2))),
mola®a0) = 7 o (o (2 (a0.m2) 4 (maom) — 2 (0.m2)) ).

For D = 4 + 2¢ dimensions we obtain:

3y
hO(qzaqO) = 167 +O(6)7
mZ — qj
b a0) = 2 1 0(0),

1 1 .
ha(q?, q0) = HQOL (2\/7712 ggsin~! (7310) - QO) + O(e),

™
1 6m2q* — 8m2q3 — m 2
ha(q*,q0) = 7 (( b 1 )Il—q; 1- B (2m2 — ¢ +243)

16 2q9%\/q? m3
2 2 2
s et ) )> +0(e),
q
ha(a. o) = —L (((50ma (€ = 260) +a" + 200) (4mz (a6 — ) +4Y) 7
’ 16 2q'Va? (4m2q? + ¢*)
my (16m2 (¢? — ¢3) — 2m? (6¢* — 16¢°q3 + 13q3) + ¢* (2¢* — 6¢°3 + q3))
+ 4 4 2 2 4
(4mzq® + q*)
- (16m 1 442 2
L (ma (16my (g6 — )+m§02q(> ¢’a5) +¢° +24'a)) [, qo + (),
4 (4m2q% + ¢*) m2
hs (2. 40) = 1 [ mago (16mzq* — 6m2¢5 (¢° — 243) +¢° + 24" 5)
PR 16 <4m7%2+q4>
q0 (m2 (10¢5 — )+q4+2q2q(2))
+ 7
2q4\/>2
16 14¢%¢%2 — 8¢*) + 3¢5 2
+(mw%( myq +m2(2qq q*) +3¢°)) _0) o),
q* (4m?q? + ¢*) m2
ho(d.a0) = —— (L (Z0ma (¢ —205) +4" +2¢°5)
6 5 40 167 2(,14\/(31»2 1
L Ma (8m2 (g5 — ¢*) — 2m2 (¢° + 2¢*¢% — 6¢°q3) + ¢ + 2¢°¢3)

q* (4m2q? + ¢*)

(D.24)

(D.25)
(D.26)
(D.27)

(D.28)

(D.29)

(D.30)

(D.31)

(D.32)

(D.33)

(D.34)

N (mx (8m2 (¢* — q¢) + m2 (—6¢° + 32¢*q2 — 48425 + 1645) + ¢® — 8452 + 4¢*q}))

q* (4miq? + ¢*)
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_ % ) +O(e), (D.35)
m7r
2
V1 o (ma (4 — 243)) 2
1 | (4miq® +¢Y) mz \Mx 0 Mg
2 T
h7(q”, q0) = T6m 2:;2\/? I — & T + O(e), (D.36)
2.2, 4 2 92 3mzq*y /1 — q—% 2 2
8\q ,q0) = 167 2q4\/? 1 q4 q4 )
(D.37)
o 1 [am2PP? P 20 }). ma (¢t — 8¢°@ + 4qd) i
hg(QaQO)—ﬁ 2q4\/7 11— o 1_@
2 (42 4 9,2
-~ M (Z4+ ©)) 4 o), (D.38)
hio(d qo) = —— [ — %0 (4m2a® + ¢ (2¢° + qg))zl
’ 167 2"/
2
1— 5 (meqo (& — 4¢%)) 2, 2
my AT mxzqo (29 + q
+ 4 + = (q4 0) + O(e), (D.39)
R 1 5 1 /( Qo m>
v
+ O(e), (D.40)
sin—1 ( qo~rv2)
ol a0) = 5 [ el 2L 1 0e) (D.41)

\/ — qfa?

-1 - 1 1 1 2 2oz sin~! (-1
hiz(¢% q0) = I 7/0 drv {ln <m> - (‘/"7) + O(e), (D.42)

2 2 42 2 —
8T 8T 47 ma m2 — q%xQ

1 7 1m
2 _ 2 _ 2 ™ 2 _ 2
h14(q”, q0) = T6n (q2)3/2 (2m7r —q )Il TS (2m7r —q )

1 mg 2 2 2
g (2m7r +q - 2q0> 1- 6 +0(), (D.43)

1 2m — ¢ 1 m a3
2 = (2m2 — g} -0 — @ D.44
his(@” o) = —55— “2va P Tor pa? (2m2 — a3) m2 +0(e), (D.44)
1 . 1 1 /1t m? 2 qoT
h —L-—+-— [ d In|— \/~2—22'—1()
16(q Qo) = o 32 + 47r2/0 T {:v n (m%) + o m gjx= sin —

+O(e), (D.45)
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1 m3 @ 3/2
2 —_ - ' _ _ 10
h17(q 7(10) - Y qg 1 <1 mg_) + O(E)) (D46)
/2
3 my @\’
his(q*, qo) = 167% (1 - (1 - mog> + O(e), (D.47)
1 mf’T 2\ /2
hio(a*d0) = 67 (1 - ( - ;’;) +0(e). (D.48)
0 T

These expressions agree with Eqgs. (81)-(84) of Ref. [65] when ¢p = 0 and € - v = 0.

We have explicitly checked that our result is gauge invariant through the following relations
between the h’s:

ha(¢%, q0) + h11(¢%, q0) + ¢*la(d®, 90) + qo(h13(, g0) + hi6(¢%, q0)) = 0, (D.49)
ho(q, a0) + ha (%, o) + ha(a®, q0) + ha(a?, @0) + o (r0(a, q0) + has(a, q0) )
+* (ha(@®, 00) + hs(@®00)) =0, (D.50)

5
- % (—h1(q27 ) + he(q?, q0) + ho(q?, q0) + h14(¢%, q0) + h17(¢?, q0) + h1s(a?, q0) + hao(q?, qe))

+ ho(a%, q0) + (%, 40) + hs(a?,d0) + h7(%, o) + ¢* (ha(a®, q0) + hs(a®,q0) ) = 0. (D.51)

D.2 Pion loops which include a A excitation

Here we collect the amplitudes of all the diagrams contributing to the proton polarizability with
a A particle and through a loop of pions, represented in Fig. plus the ones with a crossed
photon lines or permutations, which are assumed to be 1mphc1t in the representation. For all the

diagrams here we consider the overall factor A = —8Mp ’;,AQA We take a positive infinitesimal

imaginary part for the propagators of h — hlAg

MR = Aghig (¢, o), (D.52)

M, = A{(g" = v"v")hf (¢% qo) + i€ PvaSshd (¢ o) } (D.53)

M, =A {gwh?(QQ, @) + ¢*¢"h5 (¢, q0) + (¢"v” + v'q")hE (¢, o) + v* " hE (¢, qo)} ,
(D.54)

MY, = A{ M2 (g%, q0) + ¢"¢ hE (4%, q0) + (g"v” + v'q") iy (a2, qo) + v*v” hg' (a2, qo)
+ ie“”aﬁvaSghﬁ(QQ q) + ivaquA(e”MB _— 6”)‘an )h12(q q)

+ ivasﬂq,\(eﬂm'gv” — By (6%, qo } (D.55)
M = AL By (6%, o) + (0" + vg )i (62, ao)

+ 10aS5qr (e Pv” — APy hE (¢, qo } (D.56)
Mixre = {U#UyhlA?(f, QO)} 5 (D.57)
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M = AL h ()
MR =A {v“v”hfg(f, qo)} ,

where in terms of the master integrals:

hy'(¢%, o) = —2(D — 2)J5(—=A,m3),

h (¢, q0) = % (Jo (a0 = Am2) +Jo (—q0 — A,m2)),

h5'(¢%, q0) = D—21 (Jo (a0 —A Z) Jo (—a0—Am2)),

A (6, o) _47/ dr (1~ 2) {~a%e® (1 (qow — Ai?) + 4 (—qox — A1) )

+ (D+1) <J6 (CIOCB A, m?) + Jé( goxr — A rhg))},
e (@®, q0) = g—l/o de (1 —x)(2z —1)

X {—q2x2(2x - 1)(J] (qoa: — A, mz) + JY (—QOUC - A,m2>)

+ (42(D+1) = (1+22)(D = 1)) (J4 (qow — A,702) + J5 (~qoz — A,10?) )},

he (%, qo) = 2D2/ dx {(—q2x2(1 — 21) (J{/ (qox - Ajﬁ"ﬂ) —J! (—qoa: - A,ﬁ”ﬂ))

D—-1
+ 2qox(1 — 27) (Jé’ (qor — A, m) + JY (—qom —A, m2>)

+(D-1-2D+1)z )(J4 (qox = Aw?) = I (—qom — A,m?)) |
he (¢, q0—47/d$1 ) qa:(J3<0:E Am)+J3< Qo — Am))
+ 4qo (J4 (qoa: A, ) J! (—qox - A,m2>))
—2(Jé’(q0x A m)+Jg( qox — A, ))}
h2 (g2, qo) = —47/ da: J2 (qgw A, ) +J2( G — A, )}
hg (&, qo)—27/ do (1= 22)z { Jg (q0m — A,102) + Jg (—qoz — A, m?) },
he'(¢% q0) = 4g_2/ do {Jj (qom — A,10?) + J5 (—qoz — A, m?)
— qow(Ji oz — A1) = Ji (—qow — A, 1)) },
b a0 = B [ e {2 (U (a0~ A2) ~ I (~aor — A7)
— (1= 22)q0 (J§ (q07 = A, m?) + Jg (—qow — A,7?) ) },
i (q%, q0) = 138—1/01 do {Jj (qom — A,m?) = J5 (—qox — A, m?) },
b a0) =~y [ ol = 22) {0 (sor = A7) = Jf (~aow - A7)}
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D.2. Pion loops which include a A excitation

B (¢, o) = _% 01 dow {J] (qoz = A,m2) + Ji (—qow — A1)}, (D.73)
A (2 qo) = 4g:iq10 /01 dz {(D = 1) (J; (aor — A, %) = J (—q0w — A, 7))

— (1 —=2x)qo (Jé (qofo,m ) +J2< QT — A, M >)

+ (1 — z)zq? (J{ (qox —A,m ) —J] (—qox - A m2>)} , (D.74)
hlAE)(q27QO):g:i;0/ dx 1_233){(D+1) (J2< 0o — A, m )+J2( qQor — A,m ))

+ @*(1 —2)zx (JO (qox —A,m ) + J (fqox —A,m ))} , (D.75)
M) =~ [ { e — A?) — Ty(—aur — 877} (D.76)
hirle®, o) = 20 1;8( 275 (0,m2) + Jo (—qo,m2) + T2 (q0,m2) ), (D.77)
M) = 20— (2Dql (~22 (~Am2) + Ja (—a0 = Asm2) + 2 (g0 — A, )))

(D.78)

hﬁs(qza%) = 2ZD):?D450 (J2 (QO —Am ) + Jo (—qo — A,m%) —2Js (—A,m?r)) , (D.79)
hiy (4% q0) = 2g_iD41ql (Jz (qo —A,m ) + Jy ( o0 — A,mi) — 2]y <—A,m3r)) . (D.80)

These results, in the limit ¢> = 0 and in the gauge where € - v = 0, agree with Eqs. (89)-(92) of
Ref. [65].

Now, expanding in D = 4 + 2¢ we get

1 -1 A
hOA(q2vq0) = —ﬁAL - Wm,rz <m> ) (D.81)
1 A— A
h(¢%, o) = 7AL+ o= (3m7r <Z( — qo) +Z( +q°>) - 2A> +O(e), (D.82)
1 -1 A+ A — 5
B (¢ 0) = a0l + ¢ <m7r (z( o qo) _ z( - q“)) §°> + O, (D.83)

5AL A 1 !
h:sA(CIzaCIO):@—ﬁ-FG?/ dz (1 —x)

q2x2
{5Aln< )+F<( 2_(A+W)2>
T 2,.2 -
“ (A\/t% ) " (5_ m2 — ?A—qox)2> z (A ,,,fﬁ ))}“’)(6% (D.84)
1 1
he' (@, q0) = 247T2/0 dr (1 —2)(2z — 1)

2
q A+ qox A~ qor
20 —1
{ (2 )m2 (mQ—(A+q0w)2 +m2— A — qox) 2)

S (3 (1) - o e ) 2 (%)
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2 14z q’z*(2z — 1) A—qz ¢
2 — (A — gox)? <3<1_3) _W—(A—W)2>Z< Vim? >}+O( !

(D.85)
1t q’ q’
hg(a", o) = W/o o {(2:6 ~he (m? —(A—qor)? w2 - (A+ qoa:)2>
m2 22 (22 — 1)q%(A + gz
2 — (A qoz)? < (mz - ()Ejf quc_)gO (501 20) — )
A+ qoz m? 2? (22 — 1)q*(A — gox)
+A(4x+3(2x1)))z< — > A ( ey
+ qoz(5(1 — 2x) — 4x) + A(4x + 3(2z — 1)) > Z (A\/_ﬁ%"w)} + O(e), (D.86)

2
hGA(qzqu)__?A +7+6?/ dx (1 — ) { 2A1n<$2>

e (e ) VR (e
el ) 2 (A v (SR
RO ) 2 () oo
h2(q?, q0) = *#Ai + 927?2
- 371T2/01dx {Aln (m ) +F( ( \/—gm) +Z(Ajﬁ%)x)>} +0O(e),

A+qox A—qor
1 1 /[~ Z m2 Z m2
h’8A(q27qO) = W/O dzx (1—2]])% m? {mQ —((A‘i‘qzw)Q + m2 _((A\/jqzx>2} +O(€)7

(D.89)
he (¢, q0) = #Ai - ;FAQ + 33?2/ da {AIn( ) + F(( - T;(qf(aiqu)g)
A+ qox 7(qo(A — qox)) A — qox
2(%Jm >+<T7L2—(A—(I01‘)2+1)Z< N )} +e, (D-90)
(2A + qo(4z — 1)) Z (SFRr
hib(d®, q0) = 1on2 /01 dz V2 { ?0 AT qox();/mi )
(qo(dz — 1) — 20) Z (474
+ ey ———" + O(e), (D.91)

A2 w0l | 5q 1t m? — A — qox
h11(Q;QO):—@+18ﬂ2—3?/0 dx { goxIn m—% —vm2lz =
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D.2. Pion loops which include a A excitation

£ (25)}-o
1 Z (S 2z (Adwr
his(q%, q0) = T 1272 /0 dx (1 — 2:6)3:\/@{7%2 _((AT q?)x)2 Y —((A\/fqzx)Q} +O(e),
(D.93)
3 1 y
hiy(e?, o) = _é - ﬁ - 67172/0 dax {m <m2>
sz ()62 ()
— Vm2 ( N2 — (A + qO$)2 m2 — (A — qu)Q + 0(6)7 (D.94)

AL 1 i’
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_ <3A o1 — ) — LU= )r(a0r + A)> z (qo"” - A)) } +O®),  (D.95)

(A = gox)? —m? N>

W (¢, q0) = 247r2q0/ dz 1—2$){10A1n< )H\ﬁ(( ((1A_+x();:x) +5>

zZ (A +ﬂj§x> 4 (qu_((lA—_x;:x)z N 5) 2 (A\/—gm)) } L0, (D.96)
his(q%, q0) = 12L7T2 —~ 3657T2 + # /1 da {:pln (ZZ;)

I (p(Armr) 2 (4 o oo
hir (@, @0) = & — ( BLA +2A - qu (((qo L AR —m?)z (W)

+ (-2 -mi) 2 (%,;qo) 2 (- 0%) 2 (-2))) v 0w, oy
his(¢*, q0) = 412 ( 3LA+2A - O = (((QHA) w?) 2 <An-;q0>

+ (=) —m?) 2 (Aquo> - ( m2 + A?) 2 ( >)> +0(e), (D.99)
his(a?, a0) = 121%2 (—3£A+2A - ’Zgﬂ (((qo NG A+qo>

- ((qo - Ay _mgr) 2 (_Amj:qo> ( m2 + A ) ( >)> +0(e). (D.100)

We have explicitly checked that our result is gauge invariant through the following relations
between the h%’s:

h5' (¢ q0) + hii (@, q0) + ¢*his(@, q0) + qo(hi3 (4%, o) + his(4® @0)) = 0, (D.101)
B3 (@ o) + B (@ o) + 55 (0 a0) + B2 (0 a0) + a0 (Mo (e, a0) + i (4% o))
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+¢* (h8 (¢ q0) + 12 (@, q0) ) = 0,

(D.102)
2
g
- q% (=hf (4% a0) + 1§ (¢, @0) + 1§ (¢% a0) + hfi(¢% q0) + hfr(a, o)
+ hfs(a% q0) + hib (0 a0) ) + b (¢% q0) + B (0%, a0) + hE' (0%, q0) + 12 (6%, o)
+¢* (h$(¢% @) + h§ (% q0) ) = 0. (D.103)

These relations are equivalent to:

ha(q?, g0 — A) + h11(q*, g0 — A) + ¢°h12(¢%, g0 — A) + qo(ha3(d%, q0) + has(q® g0 — A)) =0,
(D.104)

ho(g® a0 — ) + ha(g% a0 — A) + ha(q% g0 — B) + hr(g% g0 — A) + o (ho(a® g0 — )

+his(@?, a0 — A)) +¢* (ha(a® a0 — A) + hs(g® g0 — A)) =0, (D.105)
2
- % (_hl(q27QO — A) + he(q®, g0 — A) + ho(¢®,q0 — A) + hia(q® g0 — A) + hir(¢*, g0 — A)

+his(a% qo = A) + g%, 0 — A)) + ho(q®, a0 — A) + (¢, 90 — A)
+ ha(q?, do — A) + (%, @0 — A) + ¢ (ha(a? g0 — A) + hs(a?, 0 — A)) =0, (D.106)

which are also fulfilled.
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Appendix E

Muonium spectrum

We profit from the results obtained in Part [II] of this work to give the spectrum for the muonium
bound state (ue) for general quantum numbers at O(m,.a’). We first exchange the proton by the
muon and the muon by the electron. Then, the main difference with muonic hydrogen is the lack
of hadronic contributions, as well as the fact that all electron VP effects can be eliminated, in
particular this implies that the static potential becomes trivial. Thus, we are only left with the
relativistic corrections to the potential which come from Egs. and plus the energy
coming from the kinetic term and the ultrasoft effect. The ultrasoft correction to the energy only
depends on the reduced mass, and so it will be the same as the one for the muonic hydrogen in
Eq. . Altogether, for a given energy level we get

eréz (2,1) (3,0) V(f 2)
Enijje = =55 + 0B5, + 0By ) + (B 5" + 0E,)
mraZ
2n2
2 1—90 e 2456
= (1 —duw) d]el+2m (5 + 00
n3 241 I+ 1)@2I+1) 7 8n  2l+1
8 (1 510)
5 0s1 + i1+ 4h;
3ot (z )(2z et ”)>

m2 (1 — i)
= ) shi —d;
" m;, ( L™ 4n 2l +1 + I(l+1)(20+1) (2051054 dm))
+ a {5170 <—3 (In R(n,l) +2Ina) + 90) —(1- 5l,o)§ In R(n, 1)
T

n m2 [4 24_1 m? P 1—410 d
Sl DA .
2mZ |3\ 5 m2 ) )T )20+ 1)
2 m? 1—60
S | it ) 20s1hi; —d;
< 5" (m,%)) o0+ l(l+1)(2l+1)( Osahja dﬂ&l))

30T B+ DRI+ 1)

1 14 1-9 14 1
_10, _1,0+5l70<1—+2k( +21n( ))

my 3 n
16 1—0d,0 2m28.9 [ m 1 m?
651010 + (¢ + 2h; B En Y
+ 3 %51 l70+l(l+1)(2l+1)(0]7l+ J,l))+m3_m§ Me 3+ m2
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Appendix E. Muonium spectrum

me 1 m2 m2
() ()o-w)))

where ¢;;, hj; and d;, ; have been defined in Eqgs. —, and the first and second paren-
thesis in the right hand side of the first equality contain the O(m,a*) and O(m,«a®) contributions
respectively. In our notation, the ill-defined quantity (1 — d;9)/l — 0 when [ — 0. Note that the
exact mass dependence has been kept in this expression to order o®.

The expressions for the potential of muonium can also be found in Ref. |171]. One could
be worried that the potential is different to the one we use. The reason for this difference
is that they obtain the potential by matching on-shell S-matrix elements (and by a change in
the renormalization scheme of the ultrasoft computation), still their potential is equivalent to
ours through field redefinitions, and yields the same physical results. In particular, for spin-
independent states the result for the energy shift can already be found in Egs. (2.12) and (2.13)
of that reference.
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Appendix F

Off-shell NRQCD amplitudes for the
O(a?/m?) potential

Computations in the CG are usually thought of as being somehow cumbersome. We have found
that this is not the case for the computation at hand. In fact, the substantially smaller number
of diagrams makes the computation quite light. The minor presence of CG computations in the
literature makes us think that it would be interesting to present the results for each diagram,
which we do in this appendix.

This is the result we find the following amplitudes ) for the off-shell matching of the
spin-independent O(1/m?) potentials:

_ —i9p k4 T(1-gl(de) 2104
= 3m1717312 TF8e,TFe F(26+%)€iﬂ(2€1%) [CFk (6 + 1)(26 + 1)

—Cale ((p? — p?)2e(1 - €) + k2(1 + 5e) (k2 — (p + p?))) ]
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_ _igh Kk2€ csc(me) G [12CFTrns(1 + €)

—C4Cp <e(4oe +89) + 45 — ) 22“2(26*3)(56(46*5)*9))
2

2e+1
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Appendix F. Off-shell NRQCD amplitudes for the O(a?/m?) potential
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igy  k2k* % csc(me)

. = 00— [3CrTpnyse(l +¢)

2447 T (e43)

—CaCF ((¢ 4 1)(e(56€ + 121) + 60)) — %46“(6 +1)(2€ + 3)(4¢ + 3)
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where

1 p? + p? (p/2 _ p2)2
G=7 <2k2 -2 (F.1)

In the above diagrams, the sum over crossed and mirrored diagrams is implicit. The black
bubble represents the complete gluon self-energy correction I1#¥, which in FG also has non-zero
off-diagonal elements I1°. Note that only the last two diagrams depend on the energies. Here F;
(E!) denote the incoming (outgoing) heavy quark/antiquark, respectively, ko = E| — E1 = Eo— E}
is the total energy transfer from the antiquark to the quark and we have projected the quark pair
onto the color singlet state.

Altogether, the sum of all the diagrams in CG is

»(@) _ igh 274(6+2)7T_6_%]k\2674 csc(me)
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Appendix F. Off-shell NRQCD amplitudes for the O(a?/m?) potential

On top of the previous diagrams, in the FG the diagrams in Fig. also contribute to the
off-shell matching of the spin-independent O(1/m?) potentials. For the sum of these diagrams

b) c)
-

) e) f)

Figure F.1: One-loop NRQCD diagrams contributing to the off-shell matching of the spin-
independent 1/m? potentials in FG. The square, crossed-circle and triangular vertices denote
the subleading NRQCD wvertices with Wilson coefficients cp, cp and c}fl, respectively. Mirror
graphs, crossed graphs and all possible insertions of higher order kinetic corrections from quark

and gluon propagators to reach the second order in the 1/m expansion, e.g. in diagram a, are
understood.

we obtain in FG
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+ CrnyTr6(e + 1) |4k* (p* + p'2) —2(p*— p'2)2 —2k* — 8(e — 2)k2 mymo

hl(1 hi(2 2
O e+ (O eyt

mimsa

— 4dko(p*— Plz) (m1— m2)1
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In the off-shell matching procedure the sum of the soft NRQCD diagrams %2 is directly
identified with

(1,1 (2,0 0,2
[

5~ + 5 (F.4)

mims my ms

In order to obtain energy-independent potentials we have to express the energies E;, E. and
ko in 3 in terms of three-momenta. We achieve this by redefining the heavy quark fields
in the pNRQCD Lagrangian before projecting onto the quark-antiquark system, i.e. where the
potentials are four-fermion operators (see, for instance, Eq. (42) in Ref. [103]). For an example
of such a field redefinition see Eq. (B13) of Ref. [172]. At the order we are working, this can be
approximated by applying the full heavy quark EOMs (and analogously for the antiquark) in the
matrix elements. The EOMs read

% .
Ot xa) =g —oh(t; x1) = Z/ddxzw(tjxl)V(o)ﬂXl = xa|)xbxe(t, x2) + -,
VZ
0! (t.31) = il (t.3x1) i [ d'xavl (1 x0) VO (31— xal)ixeltoxa) +o o (E5)
1

In addition to the free EOMs, they include the static potential. Higher order terms in the coupling
constant g and/or in 1/m produce subleading effects, therefore we neglect them in Eq. (F.5) for
the following discussion.

Eq. (F.5) mixes different orders in 1/m (and sectors with different number of heavy quarks),
but still maintains the strict 1/m expansion in the off-shell scheme.

Replacing the heavy quark energies by means of the EOMs introduces a potential ambiguity
in the determination of the 1/m? potentials, since each energy E;, E! can be written in terms of
the others by the equality F1 + Eo = E] + E} (energy conservation). This can lead to different
results for the individual 1/m? potentials.

Consider e.g. a term proportional to

2
p’—p

{ml(Ei — E1) = my(Ez — Ey) — mi(Ep — E3) +ma(Ey — El)]
mimesg

22
2 2 1 1 1 \_ (@*-p")
” (b= p") <2m% * 2m3 mlmg) B 2m2
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Appendix F. Off-shell NRQCD amplitudes for the O(a?/m?) potential

The first line in Eq. is zero due to energy conservation. Therefore, we are free to add it
to ©(?). Transforming the energies E; using Eq. generates non-zero contributions to the
off-shell terms in V(20 V(0.2 and V(D ag indicated by the second line in Eq. . However,
using Eq. in Eq. also generates additional contributions to the a3/m potentials such
that physical observables, like the heavy quarkonium mass, remain unaffected by the apparent
ambiguities.

In spite of this ambiguity, there are some choices that we consider more natural for the
diagrams. For example, for the k3-dependent terms we use the prescription

k(% 1 (p/2 o p2)2

0 — F.7
k4 - 4m1m2 k4 ( )

As shown in Appendix B of Ref. [58], this transformation does not affect the 1/m potential,
because it is based on the continuity equation, which does not contain potential terms. It also
maintains invariance under mj <> mg exchange. In CG only the last diagram contains also a
dependence on the energy. In this case the energies are introduced by the gluons attached to the
top line, thus we consider it more natural to remain as they are written than to use any other
energy conservation on them. Applying Eq. on this amplitude gives rise to the 1/m? CG
potential in Sec. It is remarkable that this convention has exactly the same divergence scheme
as the on-shell potential. It also produces an O(a?/m) potential coming from this diagram. Its
contributions reads

o g CRCa (e + 1)(2€ + 1)(8¢ + 1) sin(me)T (% - 26) T(1 — e)I'(2€)T(4e)
B 3m, ke 163 H 728 (1 — )T (2 + §) D(3¢ + 1)

(F.8)

We do not compute the 1/m potential explicitly in this work, but this computation would be
useful for future work on this.

The energy dependence of the FG computation is more complicated. In addition to the use
of Egs. (F.5) and (F.7)) we have chosen the prescriptions

2 2,2
nyTrko (p°—p'")(mi1—ma2) — —n;Tr(p°—p’~)",
3m% + 2mimsy + Sm%

Cako (p*— P,Q)(ml —mg) — Ca (p*— P/2)2 ; (F.9)

4m1m2

for the energy dependent terms in Z(F% in order to obtain the concrete off-shell matching results

in Eqgs. (9.15)-(9.16). These prescriptions are motivated by simplicity, and the fact that the
resulting off-shell potentials are finite and, therefore, do not require renormalization, see Sec.

Finally, note that the on-shell 1/m? potentials resulting from the calculation above are gauge
invariant and independent of the conventions for the field redefinitions we performed.
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Appendix G

The NRQCD potenital

In this appendix we give some interesting expressions related to the NRQCD potential, which
have been relegated from the main body of the text for reasons of compactness.

G.1 The NRQCD potential in position space

From our momentum space results we obtain the potentials in position space using Egs. (8.59)-
(8.64). For conciseness we write the coefficients in terms of the ones found in momentum space.
For a given matching scheme X we have
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Appendix G. The NRQCD potenital

where X is "CG”/"FG” for the CG/FG off-shell matching scheme, "W?” for the Wilson-loop
scheme to be introduced in the next section, and ”on-shell” for the on-shell scheme.

G.2 The static potential in momentum space

In this section we quote the values of EEO)(e) up to i = 3 in Eq. (8.35)) from Ref. [37]:
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G.3. The renormalized potential in momentum space

(G.17)

G.3 The renormalized potential in momentum space

We can transform the expressions in Egs. (9.77)-(9.98), back to momentum space. With the

definitions in Egs. (8.38) and (8.39) we then obtain
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The coefficients Doﬁc and D(1.0) depend on the matching scheme. For the cases we consider we
find
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HLONS g CrCaai(k)m? { [ B 8
DCG (k) = 5 1+ — Ca 36 FNy 3 In2
2 k2
~ 5(Ca+2Cp)In (zﬂﬂ } , (G.24)
(2,0),MS (2,0),MS 22 35
Dygre; (k) = Dogee (k) + a3 *CFCA 2In2+ — 16 (G.25)
MS ~ MS 35
D" (k) = Dl (k) + o2 *CFCA (2 n2+ 16) : (G.26)
D500 = DEP (k) — madChea (224 32 ). (G.21)
PH(2.0)MS k2
ot (K) = ffCFC'Aa 1—4Iln 2 (G.28)
(LS s [13C4  8Tpn; 4 K?
Dogw (k) = Cras(k)m {1 T o T 3CA In 2 ; (G.29)
HULONS g CrCacs()n® [ as 89, 49, K
Dy (k) = 5 1+ - 360A 36Tan CA In 2 . (G.30)
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Appendix G. The NRQCD potenital

Finally, in the on-shell scheme (where obviously D%f&ﬁen(k) = 0), we have

~(1,0),MS ~(0,1),MS

on—shell(k) Don—shell(k) 2 2 9 my ( Qg >
k 1+ — — 31
wlld), Dowcae) _ 2200 0 (14 %0, ) (@)
CFCAﬂ'ZOzg(k) Qs 49 2 k2

Note that this is not the result one obtains by just subtracting the 1/e poles in momentum
space (which is what it is usually named MS scheme). This renormalization scheme would
complicate the (ultrasoft part of the) bound state calculation for the spectrum. For our purposes,
it is more convenient to do the subtraction in position space, and the prescription we have
proposed here is particularly useful, because it avoids spurious logarithms of k2. We will refer to
it as MS scheme here. In this way we can efficiently carry out the bound state computations in
four dimensions.

For completeness of the momentum space representation we quote here the results for the
spin-dependent potential, which in momentum space we write as:

Vi = D/(\Q{?)An(k)’ (G.32)

Vi = — DU Asa (k). (G.33)

Vip! = —D(Al;i)Alz(k) + D8 Ay (k) + DEVT (k) + DSy - Sa, (G.34)

where A;j(k) = —iS; - %, T = 45¢ Szk2_31£281 k)S2k) 414 the renormalized potentials read:
H(20)MS _ (1 _ o 5 (K 10Tpny
Dy = —2mas(k)Crp {CS 5 (CA (18 In (1/2 + —5 ) ( (G.35)
~(0,2),MS _ ~(2,0
DM = DIV (1) = (2), (G-36)
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Dy =3 4+ 2 2 Ca(ln 2 + 18 9 (G.39)
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Finally, the renormalized static potential is known up to three loops and, as defined in

Eq. (8.35), reads:

DO (k) = 4nCjaq(k) {1 + O‘jl(:) ar + (aﬁ‘)>2a2 + (ajl(:)f <a3 — 87203 In (1;2)) + } :
(G.41)

172



G.3. The renormalized potential in momentum space

where (from RG arguments),
s 2 s 2 k2 k2
as(k) = as {1 - %Tﬁo In (52) - (Z;) (51 — B3 In (1/2>> In (1/2>
3 2 k2 k2
_ (Z‘;) (52 - 250/31 In <1;2> + B3 In? (1/2» In <V2> + } : (G.42)
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Appendix H

Expectation values

H.1 List of expectation values of single potential insertions

Throughout this chapter we display the results for a system bounded by QCD. In order to obtain
the equivalent QED results one should exchange o — « and set Cr = 1. For the computation
of the spectrum we have used the following expectation values of the relevant operators:

my Qg 4 n
(nilptnt) = PEROL (LB g), (H.1)
(nl] {er,pQ} Inl) = —(m,Cras)? (nl4 - W) , (H.2)
n(re’® myCpag 3 na
(nl| {1 (27:7 ),pz} Inl) = —m {(m +1—4n) n -
+ @2l +1+4n)Si(n+1) —4n(S1(21+1) + S1(2l))} , (H.3)
(1] 5L2|nl) = (m,Cra,)’ G~ o). (H.4)
n(re myCrog)3 na
<"”ML2\ 1) = ((2(1111))(1 — dip) [an
S+l + S+ 2) + Sy(2 1) - P2 ln_ 1/2} , (H.5)
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m,Crag)? na n—
<nl]reg ! snl) = 2(71615) {(1112 —51(n) — 2n1> 2010
-5,
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il ) = "R, (1)
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Appendix H. Expectation values

n(re’e m Qg 2 na
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H.2. List of expectation values of double potential insertions

with
Sis = (S1 - Sa) — %(s(s 1) = si(s1 4 1) — sa(sa +1)), (H.26)
Ds = 3(Siate) = HEDL LU S0e = 0N (H.27)
Xpg=(L-8) = £ [ +1) ~ 10 +1) — s(s + )], (H.28)
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and where a = 1/(m,Crag), S = S1+S2,J =L+8S, J; = L+S;. In our notation, the ill-defined
quantity (1 — d;9)/l — 0 when [ — 0.

H.2 List of expectation values of double potential insertions

Here we list the expectation values of the double potential insertions relevant for our computation:
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