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Zusammenfassung

Wir verwenden den vollstiindigen Ausdruck fiir die O(1/m?) Korrekturen, wobei m
die Quarkmasse bezeichnet, zum Quark-Antiquark-Potenzial, welcher sich durch Er-
wartungswerte von Wilson-Loops aus der QCD ableiten lédsst, sowie eine Abbildung,
welche diese Wilson-Loop-Erwartungswerte fiir grofse Abstéinde zu Korrelatoren in der
Effektiven String Theorie (EST) in Beziehung setzt, um alle O(1/m?) Potenziale bei
groken Abstédnden zu berechnen. Insbesondere prasentieren wir zuvor unbekannte Ergeb-
nisse fiir den spin- und impulsunabhéngigen Teil des Potenzials und bestétigen die bereits
bekannten Ergebnisse fiir die Anteile des Potenzials, die von Spin und Impuls abhéngen.
Wir berechnen die Korrekturen zum String-Spektrum, welche durch die neuen Potenziale
induziert werden.

Indem wir die EST Beitrége fiir grofse Distanzen zur Vervollstdndigung im Infraroten
verwenden, konstruieren wir das Quark-Antiquark-Potenzial auf dem ganzen Bereich.
Wir bestimmen die freien Parameter durch Abgleich mit Experimenten und Gitter-QCD.
Das Power-Counting und die numerische Gréfse der einzelnen Beitrége werden analysiert.
Wir berechnen die Korrekturen zur Wellen-Funktion von schwerem Quarkonium, welche
durch das Potenzial auf dem ganzen Bereich induziert werden. Schliefslich ermitteln wir
die elektrischen Dipol-Ubergagnsraten (E1) von schwerem Quarkonium unter Beriicksich-
tigung dieser Korrekturen bis zu O(v?) in der nicht-relativistischen Entwicklung. Unsere
Ergebnisse sind in Ubereinstimmung mit Experimenten und liefern Vorhersagen fiir die
Raten, fiir die noch keine experimentellen Werten vorliegen.

Abstract

We use the complete expression for the O(1/m?) corrections to the quark-antiquark po-
tential, where m is the quark mass, derived from QCD in terms of Wilson loop expectation
values, and a mapping, valid at large distances, between those Wilson loop expectation
values and correlators evaluated in the Effective String Theory (EST), to compute all
O(1/m?) potentials at large distances. In particular, we present previously unknown
results for the spin and momentum independent part of the potential and confirm known
results for the spin and momentum dependent parts. We calculate the relativistic cor-
rections induced by the newly calculated potentials to the string spectrum.

Using the EST long-distance contributions as the infrared completion, we construct the
full-range quark-antiquark potential. We fix the free parameters of this potential using
input from the experiment and lattice QCD. The power counting and numerical size of
the different contributions are analysed. We calculate the corrections induced by the
full-range potential to the heavy quarkonium wavefunction. Finally, considering these
corrections, we evaluate the heavy quarkonium electric dipole (E1) transition rates at
O(v?) in the non-relativistic expansion. Our results compare favorably with the ex-
periment and provide predictions for the rates for which no experimental data is yet
available.
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Chapter 1

Introduction

The existence of phenomena at different energy scales is an intrinsic property of Na-
ture. Our perception of these phenomena has driven the development of modern science
and through it our understanding of Nature. At first, our understanding was limited to
explain phenomena perceptible only at human scales. Due to the development of the
experimental sciences we were often in presence of phenomena that could not be under-
stood in terms of the, by that time, accepted theories. This cycle of empirical discovery
and later theoretical understanding has been essential for the development of Physics.
A classical example of this cycle is how our understanding of Gravity has changed since
the times of Newton to the present day. In the Principia [1] Newton was able to explain
Kepler’s empirical laws for the movement of celestial bodies with the same simple for-
mula that explained the effect of Gravity on the surface of Earth. Centuries had to pass
until Einstein came up with a more universal theory of Gravity [2] that explained, among
other phenomena, the precession of the orbit of Mercury, something that Newton’s theory
had failed to explain. The universality of Einstein’s theory implied that when studying
phenomena at the scales in which Newton’s theory was applicable both theories yielded
the same results. In a modern language we may think of Newton’s theory as an effective
theory of Einstein’s General Relativityﬂ

Another example where the concept of effective theory arises comes from the relation
between Quantum Mechanics and Chemistry. We know that the interactions between
the atomic nucleus and electrons are explained by the laws and principles of Quantum
Mechanics, however, the study of the composition and change of matter at the molecular
level are better studied by means of the effective rules of Chemistry.

In a more speculative way we could think that the theory that ezplains three of the four
known fundamental interactions, the Standard Model [3H5], is an effective theory of a
yet-unknown fundamental theory.

In Particle Physics the modern realisation of the idea that physical processes or phenom-
ena can be better studied with a set of effective rules valid only for a given energy scale
is through the construction of effective field theories (EFTs).

'This terminology is usually avoided because of the historical importance of Newton and the fact
that Newton’s theory precedes Einstein’s work by more than two hundred years.



In contrast to the examples of Gravity and Atomic Physics, in which the development
of what we might call effective theories was done mostly independently from what is un-
derstood as their respective fundamental theories, we will focus on theories constructed
with a top-to-bottom approach, i.e., effective theories constructed starting from a known
Sfundamental theory.

Our object of study will be quarkonium, a bound state formed by a quark and its anti-
quarkﬂ Since the discovery of the first quarkonium state, the J/¥ meson in November
of 1974, the so-called November revolution [6], quarkonia have played an important role
in the development of QCD.

There are two main properties of quarkonium that have driven our theoretical under-
standing of it. The first one is that, since the relative velocity between the quark and the
antiquark, v, is small compared to the speed of light, ¢, the system appears to be suitable
for a non-relativistic description. This observation has motivated the modeling of the
quark-antiquark interaction inside the bound system by means of non-relativistic poten-
tials. This effective approach, that we will call potential models, proved to be successful
at reproducing the values of the quarkonium masses, for a review of these approaches see
[7, 8].

The other important property of quarkonium is a consequence of the non-relativistic na-
ture of the system. If v is such that v < ¢, then quarkonium is a multi-scale system with
the following hierarchy among the quark mass m (hard), relative momentum p (soft),
and energy F (ultrasoft) scales,

m>>p~mv>>FE ~mv’

This separation of energy scales is used to construct EFTs in which the degrees of free-
dom with energies that are not relevant for studying some phenomena are integrated out.
In particular the EFT that is obtained after integrating out from QCD the degrees of
freedom with energies of order m is called non-relativistic QCD (NRQCD) [9, 10]. If we
go further and now from NRQCD we integrate out the degrees of freedom with energies
that scale like mv, we obtain the EFT called potential non-relativistic QCD (pNRQCD)
[11, 12]. This last theory is closer to a quantum-mechanical description of the bound
state with some similarities to the potential models, however, in contrast to these models
in which the shape of the potential was a matter of guessing, pNRQCD is by construction
fully equivalent to QCD when studying the same energy region.

Depending on how the energy scale of hadronic physics, Aqcp, compares to the other
scales of the system, the construction of the EFT may or may not be done using per-
turbative methods. In the latter case, some input from experiment or lattice QCD (in
which Green functions are computed numerically) is needed in order to fully determine
the effective theory. One of the advantageous features of the EFTs of QCD is that they
allow us to separate the perturbative and non-perturbative physics in a systematic way.

2From here on we will understand quarkonium only as the bound state formed by heavy quarks:
charmonium and bottomonium. A possible bound state formed by top and antitop, toponium, does not
exist since, due to its large mass, the top quark decays through electroweak interactions before forming
a bound state.



These effective theories, NRQCD and pNRQCD, are currently one of the most important
theoretical tools for the study of quarkonium, more details about them are given in the
next chapter.

Among the present-day experiments involved in the study of quarkonium and quarkonium-
like systems we can mention BES at IHEP in Beijing, BELLE at KEK in Japan, BaBar at
SLAC in California and the quarkonium physics programs of the LHC experiments: AT-
LAS, CMS, ALICE and LHClﬂ. The amount and the increasing quality of the experimen-
tal data coming from these and other experiments, make quarkonium physics an exciting
research field. Some of the topics that currently garner attention from the quarkonium
community are the study of the so-called exotic states, the properties of quarkonia in
media and quarkonium decays. The first topic refers to the study of quarkonium-like
states with masses larger than the threshold where other mesons may appear. The in-
terpretation of these states in terms of mesonic molecules, quarkonium hybrids or other
configurations is a matter of intensive debate among the community. A notable example
of such debates is the interpretation of the charmonium-like resonance with a mass of
4.45 GeV, whose Pentaquark interpretation claimed by LHCDb [15] has been challenged
by some theoreticians [16].

The interest in the study of quarkonium in media is in part motivated by the proposal
that the melting of quarkonium states within a hot medium could be used to probe the
formation of quark-gluon plasma (QGP) [I7], a state of matter formed by free quarks and
gluons believed to have been present in the early universe. This plasma can be produced
in heavy ion collision experiments at RHIC at Brookhaven and the LHC at CERN. The
study of QGP through different experimental probes is a very active research field not
only among the quarkonium community but also among the QCD community at large.
Regarding quarkonium decays we have that, depending on the final state, these can be
grossly divided into hadronic and radiative. Many of these decays have been observed
for the first time only in recent years. Also the precision of measurements has improved
considerably in modern experiments, posing a challenge to the theory.

The aim of this thesis is to apply the results of the EFTs of QCD to the evaluation of the
quarkonium electromagnetic dipole (E1) transition rates. This transition is characterised
by the decay of quarkonium into a photon and a lighter quarkonium state that has an
angular momentum quantum number that differs by one with respect to the initial state.
This and other radiative transitions have been studied in the past using potential models,
we intend to give a fresh look to these decays using the modern approach of the EFTs of
QCD.

One of the fundamental objects in our evaluation will be the quark-antiquark poten-
tial including O(1/m?) relativistic corrections that has been obtained using pNRQCD
[18, 19]. In contrast to the potential models, the expression obtained from pNRQCD
is fully equivalent to QCD in the non-relativistic limit. The relativistic corrections are
organized as an expansion in powers of 1/m where the coefficients of the expansion corre-
spond to expectation values of the rectangular Wilson loop with gluonic field insertions.

3For a review on the experimental findings relevant for quarkonium physics of these and other exper-
iments see the relevant sections of Refs. [13] and [I4].



The way these correlators are evaluated will depend on the distance regime that is be-
ing considered. At short distances the correlators can be evaluated using perturbative
methods. In the long-distance regime they must be computed on the lattice, however, a
lattice determination of all relevant correlators is still missing. In order to evaluate the
long-distance limit of the potential we will assume the hypothesis that at long distances
the quark-antiquark interaction may be modeled as a string with fixed ends [20]. The
string hypothesis will allow us to get a compact expression for the long-range potential.
The other key piece we will need are the expressions for the E1 decay rates up to O(v?)
relativistic corrections [21]. These formulas are completely model-independent, however,
we will see that in order to evaluate them we need the quark-antiquark potential in the
whole distance regime as an input. The construction of this potential will occupy a large
portion of this thesis.

The rest of the text is organized as follows; in Chapter [2] we give an introduction to the
EFTs for the study of heavy quarkonium. In Chapter [3| we present the expressions of
the O(1/m?) relativistic corrections to the quark-antiquark potential obtained within the
framework of pNRQCD. We give details of the derivation of the 1/m-suppressed correc-
tion. In Chapter [d] we compute the long-range potential assuming the string hypothesis
to evaluate the correlators of Chapter |3 We also evaluate the effect of the relativistic
corrections to the string spectrum. In Chapter [5] we construct the potential that we
will use in the evaluation of the decay rates. Once the potential is fixed, it determines
the explicit formulas that need to be evaluated in order to compute the E1 rates, these
formulas are derived in Chapter [} In Chapter [7] we give details about the numerical
evaluation of the formulas of Chapter [6] and some of the numerical aspects regarding the
construction of the potential. In Chapter [§] we present the partial results of the evalu-
ation of the E1 decay rates. Based on these results in Chapter [9] we present our final
results for the rates. Using these results together with experimental input we estimate
some branching fractions and total widths. In this chapter we also compare our results
with the available experimental data. Finally Chapter [I0] presents our conclusions and
outlook to related future research. Many of the technical details and intermediate nu-
merical results emerging along the thesis have been left for the Appendix that is included
after Chapter



Chapter 2

Effective field theories for heavy
quarkonium

In this chapter we present a brief introduction to the effective theories that are relevant
for the study of heavy quarkonium. We start giving a gross description of the most
relevant aspects of QCD, to later proceed to give the recipe to construct EFTs starting
from a fundamental theory. Following this recipe we show how NRQCD is obtained from
QCD once the hard scale is integrated out. We close the chapter describing the physical
picture of pNRQCD, the effective theory that results from integrating out the soft scale
from NRQCD. This theory will be the central subject of the next chapter. We will follow
closely [22], to which we refer for a more comprehensive introduction to NRQCD and

pNRQCD]T]

2.1 Quantum Chromodynamics

It is our current understanding that Quantum Chromodynamics (QCD) [24] 25] is the
quantum field theory describing the strong interaction. It corresponds to a non-Abelian
SU(3) gauge theory coupled to fermions called quarks which carry a color charge. The
QCD Lagrangian reads

Ny
- 1 va a
Laocp =Y (i) —mi)g; — 16" G (2.1)
i=1

where Ny = 6 is the number of quark flavors (up, down, charm, strange, top, bottom),
D, = 0, + igA,, igGu = [D,,D,], ¢; are the quark fields, m; their (bare) masses,
A, are the gauge fields, called gluons, mediating the color interactions and g is the
bare coupling. We have used the definition 4, = T“Az, where T°, with a = 1,...,8,
are the generators of the SU(3) gauge group in the fundamental representation. These

'For an introduction to EFTs of QCD relevant to other contexts see [23)].



correspond to Hermitian, traceless 3x 3 matrices that fulfill

(7%, T° = ifere, (2.2)
Te{T°T’} = Tpé®,

where f%¢ are the structure constants of the gauge group; an explicit representation
of these matrices can be found in [26]. Together with the SU(3) gauge symmetry and
Poincaré invariance, in QCD each of the discrete charge conjugation, parity and time
reversal (CPT) symmetries is realized. These are the five symmetries that, in principle,
must be realized in any EFT derived from QCD.

For the SU(N.) gauge group the following identities for the quadratic Casimir operators
of the fundamental, Cr, and adjoint, C'4, representations hold

T
Cr = (NE-1), (24)

For the fundamental representation of the matrices 7% we will use the convention that
fixes Tr = 1/2. Using this convention and the fact that in QCD N, = 3 (the number of
colors) we have Cr = 4/3 and C'4 = 3. A derivation of these identities can be found in
[26].

After quantizing QCD, divergences appear in the computation of loop integrals. The
procedure to absorb these divergences introduces an energy scale, u, called the renor-
malization scale. The bare parameters (coupling and masses) of the Lagrangian must
be replaced with the renormalized parameters measured at the scale . The condition
that observables must be independent of the renormalization scale ultimately settles how
these parameters depend on p. The explicit dependence on the energy scale is given
through the renormalization group equations (RGE). In the case of the coupling, defining
as = g?/4n, its RGE is given by

0
Q%2 5505(Q%) = Bas(@Q%), (2.6)
oQ

where we assume that the coupling is known at a given energy scale Q2. The function
B(as(Q?)) is called the Beta function and it is implicitly defined by the previous equation,

it can be organized as an expansion in the coupling

2
Blag) = —a <j‘;ﬁo + (40‘75)251 + ) : (2.7)

where the coefficients of the expansion, 5;, are obtained calculating relevant Green func-
tions. Currently these coefficients are known up to i = 4 [27430]. In general the g;
coefficients depend on the gauge and the scheme that is chosen to regularize the diver-
gences. It can be proven that in mass-independent schemes like MS or MS, however, the



Beta function is gauge-independent. Moreover, it turns out that the first two coefficients
Bo and f; are scheme-independent. The first coefficient is given by [31], 32]

11 2

where ny is the number of active quark flavors that is being considered at some given
scaleﬂ. If we consider just this first coefficient in the Beta function, Eq. (2.7) can be
solved exactly and one obtains

QS(MQ)
as(Q?) = . (2.9)
14+ 5o L’igz) In %;

Defining Aqcp as the scale in which a5(Q?) diverges, we can write

() = 2
W Bon(u/Aqen)”

From Eq. we can infer one of the characteristics of QCD calculations: to compute
the amplitude of a QCD process that occurs at a given energy scale E, the QCD coupling
o can be used as the expansion parameter of the perturbative series only if £ > Aqcp
[31], 32]. To compute amplitudes of processes that occur at a scale £ ~ Aqcp we must
rely on so-called non-perturbative approaches to QCD. The scale Aqcp =~ 200 MeV [34] is
the typical scale of hadronic physics, which implies that some phenomena in quarkonium
physics cannot be studied purely with perturbative methods.

One of the non-perturbative approaches to QCD is lattice QCD. In this approach the
functional integrals of the Green functions are calculated numerically over a lattice of
points in space-time. The precision of the calculation is constrained by the size of the
lattice and the separation among its nodes, called the lattice spacing. The larger the
lattice and smaller the lattice spacing is, the more precise but also more expensive the
calculation gets. The development of more efficient algorithms and dropping computing
costs have improved the precision of lattice calculations in recent years, for a review of
the current status of lattice QCD studies in quarkonium see the chapters dedicated to
the topic in Ref. [14].

One of the advantages of using EFTs to study quarkonium is that they allow us to
factorize the contributions of physics coming from different energy scales. In particular,
they allow us to factorize the non-perturbative contributions that can later be computed
on the lattice or extracted from experimental data. In the next section we review the
general recipe for constructing EFTs.

(2.10)

2.2 A very brief introduction to Effective Field Theories

Let us assume that we are interested in studying physics at an energy scale E that is
much smaller than another energy scale A. Let us assume also that there exists a funda-

2Usually ay is evaluated at a scale where the active quarks can be treated as massless. See also the
decoupling theorem [33].



mental theory that is valid for both, the scale ' and the scale A.

The first step to construct the EFT is to identify the symmetries of the fundamental
theory that are preserved at the scale E. The Lagrangian of the EFT is then con-
structed including all the allowed operators consistent with this subset of symmetries.
The Lagrangian can be conveniently organized as an expansion of operators of increasing
dimensionality, in four spacetime dimensions we have

LgrT = Zci (%) Agi4 (2.11)

(2

where d; is the mass dimension of the operator O; and p is the renormalization scale.
The (undetermined) coefficients ¢;(p/A) are called the Wilson (or matching) coefficients,
they encode the physics of the degrees of freedom with energy A that have being inte-
grated out, that is, that are not present in the theory anymore.

In order to reduce the (infinite) number of terms in Lgpr we must define the power
counting that will determine the relative importance of the terms in the Lagrangian.
This power counting is based on the hierarchy among the relevant energy scales, for
instance, derivatives will count as the momentum of the degrees of freedom that are
present in the effective theory. How the momentum compares to E will then define the
relative size of operators containing derivatives. In the next section, in which we will
review NRQCD, we will see an explicit example of a power counting.

Once we have specified the power counting and the size of the operators O; in terms of £
is known, we must define the accuracy of the theory. Usually the accuracy, A, is defined
as A = (E/A)" where n > 0. To reach a given accuracy A, one has to include in the
Lagrangian all possible terms whose size is equal to or smaller than A.

The number of independent Wilson coefficients can be reduced by imposing the con-
straints coming from Poincaré invariance. These constraints originate from the fact that,
although the Lagrangian of the EFT is not explicitly Poincaré invariant, we can impose
the Poincaré algebra on the Poincaré generators of the EFT. This procedure provides
relations among the coefficients [35], [36] effectively reducing the number of independent
ones.

The remaining set of Wilson coefficients now needs to be calculated. The method to
compute these coefficients is called matching; it consists in determining the coefficients
¢; by comparing the results, usually Green functions, obtained from the fundamental
theory and the EFT at a certain scale v that fulfills £ ~ v < A. In EFTs derived from
QCD the nature of the matching procedure is defined by how the scales E, v, A compare
to Aqcp. If v > Aqcep, the matching procedure is carried out perturbatively leading
to Wilson coefficients that are organized as an expansion in powers of ag. In the case
when v ~ Aqcp the matching is done using non-perturbative methods. We will give
some details about the matching procedure in the next two sections, when we review the
main features of NRQCD and pNRQCD, and in Chapter [3] where an overview of the
calculation of the 1/m-suppressed relativistic correction to the quark-antiquark potential
will be given.

From Eq. we see that the effective theory is in principle not renormalizable be-



cause the Lagrangian may contain operators of dimension d; > 4. This is not a problem
since the EFT can be made finite order by order in the expansion in powers of 1/A;
actually, much of the physical information of the theory is contained in terms that are
proportional to these operators. For more details about the renormalizability of EFTs
we refer the reader to the discussion presented in [23].

With the accuracy of the theory defined and the independent Wilson coefficients calcu-
lated, we are left with an EFT that fulfills the following properties:

o It has the same infra-red (IR) behavior as the fundamental theory but a different
ultra-violet (UV) one.

e Its Lagrangian has only the degrees of freedom relevant to study the phenomena
at the scale E or lower.

e Its predictability can be improved systematically according to the power counting
by increasing the power n of the accuracy.

e For EFTs derived from QCD, if the Wilson coefficients have been obtained from a
perturbative matching, the precision in the predictability of the theory can also be
improved by increasing the order in perturbation theory at which the coefficients
are calculated.

Before concluding this section, let us consider a physical system that has the following
energy scale hierarchy

E< Ay < Ay, (2.12)

which is described in all energy regions by what we will call the full theory. Integrating
out the scale A; from this theory, we may obtain an EFT that describes the physics
of scales E and As; let us call this theory EFT{. Then we may consider EFT; as the
fundamental theory to integrate out from it degrees of freedom that scale like Ay and
construct another theory, EFTs. This last EFT will be suitable to study the physics of
the scale E. Since by construction each EFT is equivalent to its parent (fundamental)
theory when describing the same energy region, EF'T; and EF T4 will be equivalent to the
full theory when describing their respective energy regions. This equivalence is manifest
in the Wilson coefficients of each theory; in particular, the Wilson coefficients of EFT,
will depend on the Wilson coefficients of EFT; that in turn encode the dynamics of the
degrees of freedom of energy Ay described by the full theory.

As we mentioned in Chapter , an energy scale hierarchy like the one of Eq. is
present in quarkonium, where naturally, the full theory corresponds to QCD. The scale Ay
is identified as the heavy quark mass and A5 as the relative momentum. After integrating
out the mass scale one obtains NRQCD, integrating out from NRQCD the momentum we
obtain pNRQCD. In the following sections we present an overview of these two theories.



2.3 Non-relativistic QCD

For convenience let us start by recalling one more time the hierarchy of energy scales
present in quarkonium

m > mv > mo?, (2.13)

where m is the heavy quark mass and v is the relative velocity between quark and
antiquark. Following the method described in the previous section, the Lagrangian of
NRQCD is organized as an expansion in powers of 1/m, multiplying operators of increas-
ing dimensionality that fulfill the symmetries of QCD. The resulting O(1/m) Lagrangian
of the heavy quark-antiquark sector that fulfills all these conditions except Poincaré
invariance (see below) is rather simple, it readsﬂ

£l =yt <z’Dg + ;—T’;D2) ¥+ (z’Do - 2%132) X, (2.14)
where ¢ (z) is a Pauli spinor field that annihilates a quark and x(z) is the spinor that
creates an antiquark. Both spinors transform in the fundamental representation of SU(3).
In Eq. in order to write the same Wilson coefficient, c¢g, for both quark and
antiquark fields, we have used the fact that the NRQCD Lagrangian, as the QCD one,
must be invariant under charge conjugation. By design NRQCD describes the physics of
heavy quarks at energy scales much smaller than m, so heavy quark-antiquark pairs can
no more be created; apart from this feature the light degrees of freedom are the same
ones as in QCD, however, we must introduce a UV cutoff vy i that satisfies

E,|p|,Aqcp < vyp < m, (2.15)

when evaluating Green functions that contain these lighter degrees of freedomﬁ

The presence of three dynamical scales (E, |p|, Aqcp) in the theory implies that further
assumptions on how these scales organize are necessary. The original power counting
adopted in [10] reads

AQCD ~ Evaz,

p| ~ mu, (2.16)

v o~ ag(mv),

which implies that the bound state can be described by a Coulombic potential. This
assumption may work well for low lying quarkonia, however, for excited states non-
perturbative effects have to be included in the potential. Assuming this power counting
we have that D acting on a heavy (anti)quark field scales as mwv. Similarly Dy acting on a
heavy (anti)quark field will count as mwv?. With these two scaling rules it is trivial to check

3NRQCD can describe heavy quarks of different flavor, however, for simplicity in the present discussion
we will consider the heavy quark-antiquark pair to be of the same flavor, which is the relevant case for
quarkonium.

“In general vx g correspond to the set of two cutoffs vs and v, for the energy and momentum of the
light degrees of freedom respectively. For simplicity we will use the same cutoff for both quantities.
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that the O(1/m) Lagrangian in Eq. scales homogeneously as mv?. The scaling
implies that the accuracy of the calculations performed with the O(1/m) Lagrangian is
mv? x a where n = 0,1,2,... indicates the precision at which the matching coefficients
are calculated. The scaling rules for the rest of the operators of the NRQCD Lagrangian
(see below) based on this power counting can be found in [I0]. For the time being let us
proceed to describe the NRQCD Lagrangian beyond the leading order.

Up to O(1/m?) the heavy quark sector of the NRQCD Lagrangian reads [9, [10), 37, [38]

Log = W{iDOJrQ%D?Jr;—;a-gBJr%(D-QE—QE'D)
+ i%a-(DXgE—gEXD)}w
+ M {iDo - 7D~ Lo gB+ 25D - gE — gE - D)
2'8%0 (D x gE — gE x D)} X (2.17)

where ¢, cp, ¢p, cg are Wilson coefficients, o are the Pauli matrices, E = E! = G, B' =
—eijij ¥ /2 with €¥¥ being the three-dimensional antisymmetric tensor. The gluonic part
of the Lagrangian at the same order is given by
1 puva ya cgll a ub ~vac
£g = _ZG G/U/ + 4m2.qfabCGuI/GOt G . <218)

Another part of the Lagrangian relevant for the following discussion contains the four
fermion operators, explicitly at O(1/m?) they read [10]

1 3 1 3
Lo =TE000,050) + 020,01y + BER o015 + B 0,051, (219)
where
01(*So) = vixx'v,
01(°S1) = vlox-x'ow,
Os(*So) = YIT\T,
0s(351) iy X T oy, (2.20)

and the coefficients fig are (singlet or octet) Wilson coefficients. The NRQCD La-
grangian is then given by

Lnrqep = Log + Lg + Lyy + ALuigne, (2.21)

where ALjigne accounts for light quark operators and light-heavy quark interactions; for
an explicit expression of this term we refer the reader to [22]. Many other possible oper-
ators that may appear at order 1/m? have been neglected since they can be eliminated
through field redefinitions, for details see [22].

In the case when the theory is coupled to electromagnetism we must add the photon field
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to the covariant derivatives, i.e., Dy, = 0, +igA, +ieeq A", add LT = (—1/4)F* F,

to the light sector and augment the heavy quark sector Lagrangian by

eIm (S84}
AEGQ% = of {CF o - eegB " + 8671’71 (D - eegE™ — eegE™ - D)

2m 2
Cem
+ i8TSchr - (D x eeqE™ — eegE™ x D)} P
Cem cem
+ X! {— 2};710' ~eeB™ + 87?12 (D - eegE®™ — eegE™ - D)
Cem
+ iSS 50 - (D X eegE™ — eeqE™ x D)} X (2.22)
m
where e is the electron charge, eq is the quark electric charge (e, = —1/3, e. = 2/3),

Eiem = pi0 Biem = ¢, Fik /2 and F,, = 9, A% — O, A;" is the electromagnetic field
tensor. In this case the coefficients ¢{™ must be obtained matching NRQCD to QCD
coupled to electromagnetism.

As we pointed out in the previous section, the number of independent Wilson coefficients
of the theory can be reduced by imposing the Poincaré algebra on the generators of the
theory; for instance, the coefficients ¢, cp and c¢g are constrained through [36]

c. = 1,
2cr—cs—1 = 0.

An alternative derivation of these relations has been obtained also in [37, [39] using
the method called reparametrization invariance of the Heavy Quark Effective Theory
(HQET), which coincides with NRQCD in the heavy quark sector of the Lagrangian.
Recent developments on this approach for reducing the number of matching coefficients
of EFTs can be found in [40] and [41].

The details of an NRQCD matching calculation are beyond the scope of this thesis,
however, we can grossly summarize the method in the following steps

e The matching is carried out by requiring suitable renormalized Green functions of
QCD and NRQCD to be equal at an energy scale below vygr at the desired order
in ag and 1/m. The same renormalization scheme should be used in both theories.
This procedure leads to Wilson coefficients that are valid for this specific scheme.

e IR divergences may arise in the QCD and NRQCD Green functions. Since the
theories share the same IR behavior, the same regulator must be used to regularize
these divergences in both theories.

e In dimensional regularization, NRQCD loop integrals are scaleless so they may be
set to zero, for details see the discussion in [22] and [37].

e NRQCD and QCD are gauge-invariant, so the calculations can be made in any
gauge, however, it may be required to match gauge-dependent Green functions, in
such a case the same gauge must be used in both theories.

12



(a) (b) (c)

Figure 2.1: Leading QCD diagrams contributing to the Wilson coefficients of the four-
fermion sector of the NRQCD Lagrangian. In the case of unequal heavy quark masses
only diagrams (b) and (c) contribute. The energy of the gluon fields in these diagrams
scales like m, therefore they are not present as a degree of freedom of NRQCD, yet
their physics is encoded in the Wilson coeflicients. Loop corrections to the annihilation
diagram (a) lead to the appearance of imaginary contributions in the Wilson coefficients
of Lyy. These contributions are relevant for the calculation of quarkonium inclusive
decay rates, for a review on the calculations of these coefficients see [43].

The most common choice in the matching calculations of NRQCD is to use dimensional
regularization and the MS (or MS) scheme. In the background Feynman gauge, at leading
order, the Wilson coefficients of the heavy quark sector of the Lagrangian are found to

be
cp=cp=cg=1. (2.23)

The expressions at order a5 can be found in [37]. In the case of the coefficients of the four-
fermion sector the matching comes from calculating QCD diagrams like the ones shown
in Fig. 2.1} the complete set of diagrams and expressions for the Wilson coefficients can
be found in [42].

NRQCD has been successfully applied to the study of heavy quarkonium decay and
production, where it allows the factorization of the contributions of the hard and soft
scales. The physics of the hard scale is encoded in the Wilson coefficients (see Fig.
while the contribution of the lower scales appears as the so-called long distance matrix
elements (LDME), which may be extracted from experiment or lattice calculations. These
matrix elements are in principle universal, i.e., they are independent from the physical
observable from where they are extracted. The proof of the universality of the NRQCD
LDME is currently a topic of active research; for a recent review on the status of the
verification of the universality of the LDME we refer to the Section 4.5 of [14]. Another
successful application of NRQCD is the study of bottomonium on the lattice; for a review
on the progress of these studies see [13| [44], 45] and the relevant sections of [14].

2.4 Potential non-relativistic QCD

Quarkonium phenomena like the binding and the radiative transitions occur at the ul-
trasoft scale E ~ muv?. As we have mentioned in this chapter, the EFT suitable for the
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study of the physics at this scale is potential non-relativistic QCD (pNRQCD) |11}, [12].
We also mentioned that this theory is obtained from NRQCD by integrating out the
soft scale, p = |p| ~ mv. We are integrating out light degrees of freedom with energies
~ p > FE and heavy quarks with energy fluctuations of the same order. Depending on
how Aqcp scales with respect to p we will distinguish two cases:

o If p > Aqcp the integration of the soft scale can be done using perturbation theory.
If also p > E 2 Aqcp one obtains what is called weakly-coupled pNRQCD.

o If p,Aqcp > FE, in order to obtain pNRQCD we need to integrate out Agcp
non-perturbatively after integrating out the scale p. This theory is called strongly-
coupled pNRQCD.

Let us discuss first weakly-coupled pNRQCD. In this case the degrees of freedom are
quark-antiquark pairs and gluons with the cutoffs v, and v,s. The cutoff v}, is the cutoff
of the relative three momentum of the heavy quarks and v, is the cutoff of the energy
of the heavy quark-antiquark pair and of the four momentum of the light degrees of
freedom (gluons and light quarks). These cutoffs satisfy p < v, < m, %2 L Vys < p. In
principle the degrees of freedom of pNRQCD can be represented by the same fields as in
NRQCD, the difference lies in that the Wilson coefficients in the pNRQCD Lagrangian
now depend on p, hence, non-local terms in space are generated.

Explicitly the pNRQCD Lagrangian in the weakly-coupled regime can be written as

LpNrQep = Lgqep + Lpot- (2.24)
with

Lot = —/d3x1d3X2¢T(t,X1)X(t,XQ)V(IU P1, P2, S1,S2) x (US gluons)x' (¢, x2)4(t, x1),

(2.25)
where p; = —iVyx, and S; = o /2 where j = 1,2 means action on the fermion or
antifermion respectively, and LE%QCD should be understood as the NRQCD Lagrangian
with only ultrasoft gluons.

If we write the heavy quark-antiquark bilinear as a single field

U(x1,%2,t)ap  ~ wa(Xht)XE(X%t)
1 1
~ 7(504,877/}0()(17 t)X:rT(X% t) + *ngngiﬂa(Xb t)X;[)(X% t)? (226)
N, Tr

we can decompose this field into color singlet and octet field components with homo-
geneous ultrasoft gauge transformations with respect to the center-of-mass coordinate;
explicitly

. X ) x . R
U(x1,x0,t) = P [e“’fxi A'd"] S(r,R,t)+ P [ewle A-dﬂ O(r,R,t)P [e’gfxz A‘d"] ,

(2.27)
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where P stands for path ordered. The fields S and O transform under ultrasoft color
transformations, g(R,t), as

S(r,R) — S(r,R),

O(r,R) — g(R,H)O(r,R,t)g (R, 1). (2.28)
Using the decomposition of Eq. (2.27), the pNRQCD Lagrangian can be written in a

more convenient way. First the pNRQCD Hamiltonian derived from the Lagrangian of
Eq. (2.24)) is projected onto the Fock subspace spanned by

/d3x1d3x2‘lf(x17x2)¢T(x1)X(x2)|US>, (2.29)

where |US) is a Fock subspace that contains no quarks or antiquarks but an arbitrary
number of ultrasoft gluons. Additionally one needs to enforce that the gluon fields are
ultrasoft by multipole expanding them with respect to r. Using the decomposition of
Eq. and the following normalization with respect to color

S = SL/VN,
O = 0°T%/\/T, (2.30)

one eventually arrives to

LoNRQCD = /d?’I‘TT{ST[iao — hs(r,p,Pr,S1,S2)]S
+ O'[iDy — ho(r,p, PR, S1,82)]0} + Va(r)Tr{O'r - gES + S'r - gEO}

VB(T) t 1 1 a va - =7
+ TTr{O r-gEO+O'Or - gE} — ZGWG” —|—Zlqz¢q—|—... ,

(2.31)

where the dots account for operators of order r? or higher, i DyO = 1990 — g[Ao(R,, 1), O],
DrO = [Dg, O], Pr = —iDR, p = —iV, and ny should be understood as the number
of light flavors only. In Eq. it should be understood that the S on the RHS is a
scalar function and the S on the LHS is a matrix field. In the equal mass case hg and
ho are given by

- P}
hs(r,p.Pr,S1,82) = {cé}’ ”(r%pm} + eV (1) + Vs(r,p, Pr. S1,8)

2 4m
ho(r,p,Pr,S1,S2) = c(l’_Q)(r) p—z +c(1’0)(r)P—2R + Vo(r,p,Pr, S1,S2)
s 9 ’ O 72m (0] 4m » M ) )
(1)

V.

VS = VS(VO) + 75 + ceey
m
O

Vo = vg°)+%+..., (2.32)



where [22]

-2) _ (1,-2) 1,0)

cgl’ co = c(s = c(Ol’O) =1 (2.33)

The other Wilson coefficients, Vg and V are identified as the singlet and octet quark-
antiquark potential respectively; their leading contributions in the weakly-coupled regime
are

v = -t (2.34)
© _ Toas 9
A N (2.35)

Higher order (relativistic) corrections to Vs and Vp are organized in powers of 1/m. The
calculation of the Vél) potential is shown in Chapter 3| where also explicit expressions of
the 1/m>2-suppressed corrections are presented.

Equation provides the pNRQCD Lagrangian up to order p3/m? considering the

following power counting

1
vraf ~ D
T
9,V ~ E. (2.36)

We shall complement the counting above with the expected size of ag, which should be
evaluated at the hard scale, i.e., ag = as(m) when it appears in terms inherited from
the matching between NRQCD and QCD. When the coupling originates from matching
calculations between pNRQCD and NRQCD it should be evaluated at the soft scale,
thus as = ag(1/r). Finally if ag is associated with light degrees of freedom like ultrasoft
gluons, it must be evaluated at the corresponding ultrasoft scale, i.e. as = as(E). No-
tice that the scaling of p with respect to Aqcp determines the size of oy, and therefore,
its usability as an expansion parameter. In weakly-coupled pNRQCD p > Aqcp, then
as(1/r) < 1, so the matching between pNRQCD and NRQCD can be performed per-
turbatively. In the case of strongly-coupled pNRQCD p 2 Aqcp so ag(1/r) ~ 1, thus
perturbation theory is not applicable in the matching procedure.

We have skipped the details of the derivation of Eq. , however, Chapter |3| deals
with some of the steps we have left aside in this section. For a detailed derivation we
refer the reader to the original papers where pNRQCD was presented and to [22].

One of the advantages of writing the pNRQCD Lagrangian as in Eq. is that it
permits us to have a clear visualization of the degrees of freedom of the theory: quark-
antiquark pairs in singlet or octet configurations and ultrasoft gluons. The precision of
the Lagrangian can be systematically improved by including operators proportional to
higher powers of r that must be invariant under charge conjugation, time reversal and
parity transformations. For instance, notice that the charge conjugation of the term
[ &rTr{O'r - gEO} is [d3rTr{OTOr - gE} so the sum of the two must appear. The
explicit symmetry transformations of fields of the Lagrangian can be found in [22].

Let us close this section by discussing briefly strongly-coupled pNRQCD. In this regime
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Aqgcp > FE so at the scale E' it is natural to expect only hadronic degrees of freedom.
Consequently, in the strong coupling regime of pNRQCD only the singlet field remains
as an explicit degree of freedom of the theoryﬂ; thus the Lagrangian reduces to

LoNRQCD = /d3rST[i30 — hs(r,p,PRr,S1,82)]5, (2.37)

where hg has the same shape as in weakly-coupled pNRQCD, however, in this case the
potential Vg has a non-perturbative nature. We left the details of the quark-antiquark
potential for Chapters [3] and 5] where it is discussed with more detail. It will be useful
for later reference to give explicitly the canonical equal-time commutation relation for
the singlet field, it reads

|50, R), S[( R = 00346 (x = )3 (R~ RY), (2.38)

where (4, j), (k, 1) correspond to the spin indices. This relation is also valid for the singlet
field in weakly-coupled pNRQCD where it should be complemented with an analogous
relation for the octet.

We will adopt the strongly-coupled regime for the computation of the quark-antiquark
potential in the Effective String Theory (EST) in Chapter Moreover, since most of
the E1 transitions involve excited initial states, we will adopt the strong-coupling regime
also in the evaluation of the decay rates. This implies that no contributions from octet
fields will appear in our evaluations; nevertheless, the implications of our adoption of
strongly-coupled pNRQCD for the evaluation of transitions among low-lying quarkonia
are discussed in Chapter [6]

Neglecting the contribution of light quark fields, which would lead to the emergence
of pseudo-Goldstone bosons in strongly-coupled pNRQCD (see footnote below); from
the pPNRQCD Lagrangians in Egs. and we see that apart from the quark-
antiquark pairs in singlet or octet configurations, in the case of weakly-coupled pNRQCD,
the ultrasoft gluons, no other degrees of freedom are present in the theory. This implies
that the two versions of pPNRQCD that we presented are valid only to study physics below
the charm and bottom open thresholds, where no other than these degrees of freedom
are expected. This is a restriction that we will consider for the rest of the thesis: in the
evaluation of the radiative decays we will only consider transitions in which the initial
quarkonium state lies below its respective open flavor threshold.

As in the case of NRQCD, pNRQCD can be coupled to electromagnetism. In this case
the pPNRQCD Lagrangian is augmented by operators that couple quark-antiquark pairs
to ultrasoft photon fields expressed through electric or magnetic operators. The Wilson
coefficients accompanying these operators must be obtained by matching the theory to
NRQCD coupled to electromagnetism. The relevant pNRQCD operators for the E1
transition will be explicitly given in Chapter [6]

5Also pseudo-Goldstone bosons whose masses are smaller than Aqcp are allowed. Here and in the
rest of the thesis we will assume that their final contribution to observables, e.g. decay rates and masses,
is small enough to be absorbed within other sources of uncertainty, so they will not be included in the
pNRQCD Lagrangian.
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2.5 Final remarks

We presented the two main EFTs used to study quarkonium. We skipped most of the
technical details since they are not relevant for what follows in the thesis and can be
found in other sources. For what concerns the current status of research in quarkonium
our overview is far from complete. Notably we have left out two of the current topics of
quarkonium research mentioned in the Introduction: quarkonium in a hot medium and
the spectroscopy of exotic states. The construction of EFTs for quarkonium at finite
temperature can be carried out systematically as in the case of zero temperature, the
key difference is that now the temperature scales must be included in the hierarchy of
scales present in the system. The way the temperature compares to the other scales of
quarkonium and to Aqcp will determine the way the theory is constructed. Efforts to
understand the physics of quarkonium in media in the framework of EFTs have been
carried out, for instance, in [46H49]. A complete introduction to the topic can be found
in [50].

One would expect that an EFT suitable for the study of quarkonium and quarkonium-
like states above threshold should account for other possible bound states at the level of
the Lagrangian. An example of such an approach can be found in [51], where an EFT of
QCD for the study of quarkonium hybridsﬂ has been constructed. Their results are still
not conclusive in explaining the nature of the exotic states that are hybrid candidates,
however, it represents a first attempt to study one of the interpretations of exotic states
in the framework of the EFTs.

SQuarkonium hybrids are states formed by a quark-antiquark pair in an octet configuration and a
gluon excitation.
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Chapter 3

The quark-antiquark potential in
pNRQCD

In this chapter we present the complete singlet quark-antiquark potential up to order
1/m?, which has been obtained within the framework of pNRQCD in [I8] and [19]. Since
these expressions will be important for the evaluation of the E1 decay rates, we show
the derivation of the 1/m-suppressed correction with some detail. The 1/m?-suppressed
corrections follow from a similar calculation; for these we only give their final expressions.

3.1 The structure of the potential

We consider a heavy quark of mass m; located at x; and a heavy antiquark of mass mso
located at x5. The spin and momentum operators of the two particles are respectively
S1 =01/2 and p; = —iVy,, and Sy = 02/2 and pas = —iVy,. The distance between
the quark and the antiquark is r = x; — x9. In the center-of-mass frame up to order
1/m? the singlet quark-antiquark potential can be written as the sum of three terms,

where V(O (r) is the static potential,

(1,0) (0,1)
yam iy = V22 V) (3.2)

mi1 ma
the 1/m potential and

(2,0) (0,2) (1,1)
wWﬁ:v2+V2+V : (3.3)
ml m2 mims

the 1/m? potential. Invariance under charge conjugation and particle interchange implies
V@O (1) = VOI(r). Tt is useful to separate the 1/m? potential into a spin-dependent
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(SD) and a spin-independent (SI) part:

veo = v + v, (3.4)
v = v v vg?, (3.5)
where
(2,0)
1 Ve (r)
vi? = SR )+ L 4 v, (36)
(0.2)
0,2 1 0,2 Vi " (r)
vi? = S {mRP e} + L+ VO, (3.7)

and L; = r x p; with ¢ = 1,2. Also in this case invariance under charge conjugation and
particle interchange yields

V) = v, (35)
vz = v, (3.9)
VeI @y = vy, (3.10)
For the spin-dependent part we have
VD = vEY (L - sy, (3.11)
v = v )Ly - S, (3.12)

Charge conjugation and particle interchange invariance imply V]%’O) (r) = Vég’Z) (r;mg <
m1). One proceeds similarly for the V(D potential:

Y _ )y, (3.13)
where
1 V(l’l) r
vt = =5 {pr P Vi (0} - Lzzrfz()(Ll Ly + Ly L)+ V() (3.14)
and

VipY = Vi Ly 8o — VI (MLe - 81+ VE V()81 - Sy + VgL ()S1a(8), (3.15)

with

SlQ(f')E3f"0'1f"0'2—0'1‘0'2, (316)
and VLQSIQ) (r) = V]SSII) (r;my <> ma).
This structure of the potential is dictated by the dimensional analysis of possible terms,
constraints from discrete symmetries and ultimately by the matching between NRQCD
and pNRQCD. The structure given here will be adopted for the rest of the thesis, however,
we recall that it is not unique since it can be reshuffled by a unitary redefinition of the
singlet field in the pNRQCD Lagrangian, for a discussion about the implications of such
a transformation see [35] and [52].
In the next two sections we will present the explicit expressions of the V(%) (r) potentials
obtained with pNRQCD.
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3.2 Derivation of the 1/m-suppressed relativistic correction

3.2.1 Set-up

In this section we sketch the derivation of the 1/m correction to the heavy quark-
antiquark (QQ) potential obtained within the framework of pPNRQCD. The original
derivation has been carried out in [18], to which we will refer for details that we will
omit.

The strategy is to match a relevant Green function in NRQCD and pNRQCD at order
1/m. We do not consider any specific counting of the NRQCD operators other than their
suppression in powers of 1/m. On the pNRQCD side we will work in the strong-coupling
regime, so the only degree of freedom of the Lagrangian is the singlet field. We are not
considering other light degrees of freedom, their inclusion will not change the results of
this section but may change some intermediate steps [I§]. The derivation also assumes
that we are away enough from the open flavor threshold to neglect any possible effects
associated with it.

Let us start recalling the NRQCD Lagrangianﬂ at order 1/m

D? no-B D2 no-B
L = tiD —_— Hmo-= T iDyg — — — )72
NRQCD ¥ <Z o+ 2ma t9cr 2maq v (Do 2my 9°r 2moy X

1 a rva
- GG (3.17)

We differentiate between the Wilson coefficients C;E) = 1+ O(as) for the quark and
antiquark. The Hamiltonian corresponding to Eq. (3.17)) can be organized as

=504+ Lgoo L gon, (3.18)
mi mo

For our calculation we will need to consider only eigenfunctions and eigenvalues of the
leading order (static) Hamiltonian H ©) given by

HO = / d*x %(E“ -E® + B*- B%) (3.19)

The eigenfunctions and eigenvalues of this operator fulfill the following relations

HOn;x1,%x0) 0 = B (x1,%2)|n; %1, x2) ) (3.20)
(0)<m;x1,X2]@;x’1,X’2>(0) = 6mn(5(3)(xl—x’1)5(3)(x2—x'2). (3.21)

Since we are interested in the one-quark one-antiquark sector of the Fock space, it will
be convenient to decompose |n;x1,x2)(® as

In; %1, x2) @ = ¥f (1) x(x2) |15 %1, x2) (0 (3.22)

LAs in the previous section, we will consider the general case in which mq # ma.
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where the |n;x1,x2)(?) state encodes the gluonic content of the state; it fulfills
O (m; x1, xaln; %1, %2) @ = 6. (3.23)

Since H® does not contain heavy quark fields, |n;x;,x2) is also an eigenstate of H 0)
with energy ES)) (x1,%x2). In Eq. it is explicit that x; and xo are good quantum
numbers of the state |n; xl,x2)(0).

The static NRQCD energy E(()O) (x1,X2) is associated with the static QQ potential. Away
from threshold, in the strong coupling regime of pNRQCD, only the state associated
with this energy, namely |n = 0;x1, x2)(?), is kept as degree of freedom, while states with
n # 0 (gluonic excitations) are integrated out. This assumes that states with n > 0 have
energies much larger than mov?.

The strongly-coupled pNRQCD Lagrangian was presented in the previous chapter for
the equal mass case, in the case where mj # mo it reads

LpNRQCD = /d3X1d3X2 STido — hs(x1,%2, P1, P2, - - -)]S, (3.24)

where at order 1/m in the center-of-mass frame

P1 P2
hs ) ’ ) = 5. YR . 2
(x1,%X2,P1,P2) By + 2ty + Vs (3.25)
with . )
Vs =V 4 < + ) v, (3.26)
mi meo

We used invariance under charge conjugation and particle interchange to define V(1) =
VL0 = yO  In the language of EFTs, V(© and V() are the Wilson coefficients of
pPNRQCD. In the next two subsections we proceed to match NRQCD and pNRQCD in
order to obtain a set of equations that will fix the expressions of these two potentials.

3.2.2 Wilson loop matching

We start by writing a state that has a non-zero overlap with |Q>(0),

T (x1)(x1, x2) X (x2)|vac), (3.27)

where ¢ is responsible for the overlap with the ground state, for which we adopt the
following ansatz

1
d(x1,x2;t) = Pexp [zg/ ds(x; — x2) - A(xa — s(x2 — x1),t)| . (3.28)
0
For the calculation in pNRQCD we will also need the following decomposition

Yl (x1)p(x1, X)X (x2) [vac) =Y an(x1,Xa)[n; %1, %)), (3.29)

n
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where the coefficients a,(x1,x2) are fixed in such a way that they are real.

The key identification for the matching is that since the field in Eq. overlaps with
the only degree of freedom in pNRQCD, the singlet S, there should be a non-zero Wilson
coefficient Z (a normalization constant) such that

xF(xa, 1) (xa, x1; ) (x1, 1) = ZY2(x1, %2, p1, P2)S(X1, X2, 1). (3.30)

As with the potentials, Z(x1, X2, p1, P2) can be expanded in powers of 1/m; up to order
1/m the expansion reads

Z(x1, %2, p1, p2) = Zo(r) + <1 + 1) Z0(r) +iZu)(r)r - (pl - p2> 331

mi ma my ma

where constraints coming from CP and mass exchange invariances of the NRQCD and
pNRQCD Lagrangians reduce the number of independent coefficients in the expansion.
We will consider the following NRQCD Green function for the matching

Gyroep = (vac|xT(x2, T/2)d(x2, x15 T/2)b(x1, T/2)
x P (y1, —T/2)d(y1,y2: —T/2)x(y2, —T/2)|vac). (3.32)

In order to construct the equivalent pNRQCD Green function let us first consider that
in the Heisenberg picture the time evolution of the singlet field is given by

S(x1,%0;t) = e S (%1 x9;t = 0)e st (3.33)

where

H, = / d3x1d3x Tr{STh,S}. (3.34)

Using Eqgs. (3.30), (3.33) and the equal-time commutation relations of the singlet fields
given in Eq. (2.38) of the previous chapter one obtains

Gpnraep = 22T 211258) (1 — y1)6@) (xa — y2). (3.35)

What follows is to expand Egs. and in powers of 1/m and then compare
them order by order. Our aim with this procedure is to obtain a set of equations to fix
V(© and VY in terms of expectation values involving NRQCD operators.

In the case of the pNRQCD Green function, using , and expanding the
exponential operator, the expansion up to 1/m order reads [I§]

0 1 a0 1 01
GpNRQCD = Gl(pl\)IRQCD + milGI()NliQCD + WTQG;NPRQCD (3.36)
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with

Gp?\IRQCD = Zoe V6O (xy — y1)0@®) (2 —yz) (3.37)
(1,0) _ _ivor [RelZi] 1 Zip
GiNrqep = Zoe { 7 32 ( > - fT(VV( ) .r =
P L O VZo R o )i
2 8 Zo Zo
T2
+ < 2AVvVOy. vy, 4 YA (VV( ))+V2V(0))
i Gy 56 3)
- ?(VV )7 0 (x1 —y1)0" (%2 — y2), (3.38)

where V = V, with r being the quark-antiquark separation vector r = x; — x3. We
skipped the analogous expression for Gé?\ﬁ%QCD
The computation of the NRQCD Green functions is a bit more elaborate. First let us

expand the NRQCD Green function as we did for the pNRQCD one
0 1,0 0,1
GNrQeD = Gl(\lf){QCD + Gl(\IRgQCD + . Gl(\IR(?QCD (3.39)

After integrating out the heavy quark fields one obtains [I8]

Gl(\?f){QCD = (Wo)6® (x1 — y1)d® (x2 — ya2), (3.40)
T2
GS&%CD - % /_T/2 dt<D2(X17 t))lj5(3)( }’1)5( )(Xz —y2), (3.41)

where the average is over the pure Yang-Mills action and

Wo = Pexp {—ig% dzt Au(z)} , (3.42)
rxT

is the rectangular Wilson loop. We have introduced the notation (...)g = (...Wq). Using

identities of the covariant derivatives acting on Schwinger lines and symmetry arguments

(see [18] and [53]) Eq. (3.41) can be rewritten as

Glithon = 5 {5 VA WD)+ 5 (WE)VE, +T(0u(T/2)- Ox(~T/2)c
+ Zg i//z < )02 T/2) E(x1,t))0
[ a5 ) (.0)- 01 (-T/2))5
b [ [ e et B ) }5<3><xl Y8 — ).

(3.43)
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where
1
O,(t) = z'grx/o ds sp(x1,x'(s);1)B(x/(s),t)d(x/(s), x2; 1), (3.44)

1
O,(t) = igrx/o ds(1 — 8)p(x2,x"(s);t)B(x"(s),t)p(x"(s),x1;t),  (3.45)

with
x'(s) = xg+ sr, (3.46)
x"(s) = xj—sr. (3.47)
(3.48)

Now we can proceed to match order by order in 1/m. Comparing Eq. (3.37)) with (3.40)
and taking the T' — oo limit, we get the familiar expression of the LO potential in terms
of the expectation value of the Wilson loop:

i
v = Jim o In(Wi). (3.49)

At order 1/m comparing Eq. (3.38) with Eq. (3.43]) we obtain

1 Z _ 1 ((VZ)\? T (VZ) T2
M 4 2wy Oy . A _ _Z 0 LWV20) oy 4 L gy 02

- Z/m o { (1 - ;t) (0a(T7/2) - E(x1, 1))

—T/2

- (14 7) (@0 - 0n(-T/2) | - L(0u(172) - Ou(-T/2)
gz T/2

AT _1/2 dt,’t - t/‘«E(Xht) ’ E(let/)») :
(3.50)

In the equation above we have defined the notation (...)) = (...)o/(Wg). The matching
conditions (3.49) and (3.50]) can be further simplified by writing the Wilson loop average
as

- 12(0)
(W) = 3 e 072, (3.51)
n
Using this decomposition at leading order one gets
v = g (3.52)

and for the 1/m matching condition the result yields

2

O (nlgE (x1) )
0 0
B9 _ g

0) )
(0) an N {n|gE(x1)[0)

HVE) Y o oy
n#£0 0 (EO — En )

(3.53)

1 z 1
W, 2oy Oy.p 2 _ 2
1% +2(VV )rZO 2;}
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The last two equations have been obtained after taking the limit for large T'; more
details about their derivation are found in Appendix Notice that Eq. verifies
our identification of the ground state energy with the leading order potential VO, Our
final goal is to obtain an expression analogous to the one obtained for V(©) in Eq. ( -
also for the V(1) potential, that is, we want to find an expression for V1) written in
terms of the expectation value of the rectangular Wilson loop that does not depend on
the coeflicients of the expansion of the normalization constant. For this purpose we need
to find new equations in order to eliminate the coefficients from Eqgs. (3.50) and (3.53).
In the next section we take another approach for the matching that will provide us with
these equations.

3.2.3 Quantum mechanical matching

Instead of comparing Green functions, in this approach we will compare states and ma-
trix elements in a calculation that has some similarities to perturbative calculations in
Quantum Mechanics.

Let us consider the eigenstates |n;x1,x2) of the full O(1/m) NRQCD Hamiltonian H,
they fulfill

(m; X1, Xo| H|n; X),%h) = 6B (X1, X2, p1, P2)6®) (31 — x1)03) (%2 — x5), (3.54)
(m;x1,%2|n; x4, x5) = 0mnd® (x1 — x))6) (x0 — x5). (3.55)

The equations above imply that
Hln;y1,y2) = /d3X1d3X2|n; x1,%X2) B (X1, %2, P1, P2)0 (31 — y1)6® (x2 — y2). (3.56)

In analogy to quantum mechanical perturbation theory, we can expand the states and
energies in powers of 1/m, thus

1 1
— O 4 @ e
n) n) +m1m> +m2|@> + .., (3.57)
B, = EO4 L peoy Loy, (3.58)
mi meo

for the state and energy n = 0 we have [I§]

S 2 [ ) O 1O
n;éO

o OalgBE0)® 1 (o OlalgBx)0)©
- _E(O) ) Z E(O) E(O) “Vx, + 5 x1 ° E(O) E(O)
0o n£0 0o — Ln 0o — LIm

|0> (1,0)

s (0)<n|9E(o(>X1)|jic()())) (O)g)‘gE(}E)) O 4 o,
on (BT — EnT) (B — Ey”)
(3.59)

26



ESHO50) (xy — 31)6@ (x5 — y2) =@ (0] 19 |0)(©

V21 1 Z (0)<n|gE(x1)|0>(0) 560
2 "2 2| EO-ED 0 (x1 = y1)0 (%2 — y2).

Since the only degree of freedom of pNRQCD is identified as |0) the matching conditions
in this approach read

0y = STlvac), (3.61)
Eo(x1,%x2,p1,P2) = hs(x1,X2,p1,P2). (3.62)

Using this last equation together Eq. (3.30) we obtain a matching condition for the
normalization constant

Z'2(x1, %2, p1, p2)8™ (31 — y1)8%) (x9 — y2) = (vac|x' (xa)d(x2, %1)1(x1)|0; y1, y2)-
(3.63)
Notice that this matching condition is valid at any order in 1/m.
Combining Eqgs. and together with the expansions (3.31]) and (3.29) we get
at order 1/m

Z;* = a, (3.64)
Z {( O {n|gE(x1)[0) )
e = E EO _ gD
- <<0><n\gE xlz ><0>> (Vi )
(B — BY)2
)

(3.65)
Z (0) E 0)(0)
11‘;2 = 2) a, <n(|é]) (’“20') >2 (3.66)
ZO n#0 (EO — En )
Replacing Egs. (3.52) and (3.66|) into (3.53]) one obtains
2
1~ | @ nlgB(x)[0)
v =% (3.67)
0 0
22 B0 £

The previous equation fully determines the O(1/m) correction. Applying the same pro-
cedure used in going from Eq. (3.50) to Eq. (3.53)) it can be shown that

" /2 T/2
Vv = lim 2 dt dt'lt —t'| [{(E(x1,t) - E(xq, ¢’
tim & / I I COR SO R

E(xi, 1)) - (E(x1,t)))]
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is equivalent to Eq. (3.67)). The steps of the method to obtain (3.67)) from Eq. (3.68]) are
listed in Appendix [A]

The potential V(1) can be written in a more compact way [19)]

VO = =3 Jim [t (gBu(0) - g1 0) (3.69)
with
(O1(t1)O2(t2) ) = (O1(t1)O2(t2))) — (O1(t1)) (O2(t2))- (3.70)

The index i in E; indicates that the operator is evaluated at x;. The V(© and vV
potentials written as in Egs. (3.49) and (3.69)) respectively are the main results of this
section. The expression of V(1) in terms of field insertions in the Wilson loop expectation
value was, by the time Ref. [I8] was published, a novel result obtained for the first
time within the framework of pNRQCD. For our purposes it is important to recall that
Eq. holds for the whole distance regime of the potential. In [I8] it was shown that
at short distances, where perturbation theory can be used, V(1) reduces to

2
L _ Qg
|4 CrCa 3 (3.71)

pert —

which coincides with previously known perturbative calculations [54] [55]. In the next sec-
tion we list the expressions of all 1/m? corrections to the potential obtained by following
a similar matching procedure as the one we have described here.

3.3 The 1/m?2-suppressed corrections

Going to order 1/m? in the matching between NRQCD and pNRQCD, the 1/m?2-suppressed
relativistic corrections to the potential can be obtained. The matching has been per-
formed in [19], to which refer for the details of the calculation. Using the same notation
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as in the previous section, the potentials obtained in [19] read

V) = 5 [ (gB gB{ o)) (3.72)
V20w = 67— [ e (B gRi).. (3.73)
(2,0) & ey )
V20 = —r2zr'/0 dtt«gBl(t)xyEﬂO)))Jrﬁr-(vrv ) (3.74)
V) = i [ e (B (B ). (3.75)
VD) = o (09 -3 /0 " e (g (9B 0)) (3.76)
A e
Vi) = =T [ (gBa(0)  gBa(0)). 377
(1,1) 2ep)e) o< 3)
vl = FEE /0 at (gB1 (1) - gBs(0)) — A(dsy + duuCi) 6D (x), (3.78)
(1,1) Cg)c(ﬁg)mw]’ * i J §'
V0 = i [T (B sBl0) - 5 (aBa) - gBa(0)
(3.79)
WCFaSc(l)/

VEO(r) = =720 (x1 — x0) (3.80)

- ()2 oo

S [T B e) - B (0)). + 5 (VAVEY)

0

—5 | [t [t 6 - ) (B (0) - 9B (1B (1) - B0

sy (vi[Tan [ st~ T g ) B0 )

- (vv©) / o / "t (11— )7 (9B ()9 1) - 9B 0).

+ (v [ artEi g 0).vive)

_1% "t (gBL (DB (0)) VIV O) (WEVO)

Vi [ Jim g((G ()G a@)G(2)).
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1
VD) = —5 (Vv (3.81)

—i /Oo dty /tl dty : dts (t2 — t3)*(gE1(t1) - gE1(t2)gEa(t3) - gE2(0)).

t1
+3 (95 [ [ atates - 2204 (0)9Ba(0) - Bl
t1
+3 (95 [T [ atates - 22 gmh 00008 1) - B )
5 () [T [ttt - ) (om0 ) - g0

%(V v / dty /tl dta(t1 — t2)* (gES(t1)gE1(t2) - gE1(0)).
#1 (3 [ e { gL 9RL D). + (BBl ).} (V)

6 /o dtt* (gE; (¢ )QEJ( )>>C(VZ'~V(O))(V¥V(O)) + (dss + dvsCr) 6 (x1 — x2).
In the above expressions where the average over the Wilson loop is not connected, it
means that it is the same as connected. The coefficients c%) =1+0(ay), ¢ ( ) = 20%) 1,
c%)/ =14 O(as), dgl)/ = a5/ (7207) + O(a?) [37], and dsy, dyy, dss, dys, Wthh are such
that (dsy + dpwCrF) = O(a?) and (dss + dpsCr) = O(a?) [42], are Wilson coefficients of
NRQCD. The natural scale of ag in these coefficients is of the order of the heavy-quark
mass, hence we may expect ag to be a fairly small number.

3.4 Final remarks

As in the case of the 1/m correction, the expressions for the 1/m?-suppressed potentials
obtained from pNRQCD are valid in the whole distance regime. The short-distance limit
can be computed using perturbation theory whereas the long-distance limit must be
studied with non-perturbative methods. In particular, the fact that the potentials are
expressed in terms of correlators of the rectangular Wilson loop makes them suitable for
an evaluation on the lattice, however, such an evaluation is missing for most of them. In
the next chapter we will adopt the Effective String Theory hypothesis to compute the
Wilson loop correlators in the large r limit. These results will be used later to construct
the full-range potential (Chapter , which we will use in the evaluation of the E1 decay
rates.
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Chapter 4

The quark-antiquark potential in
the Effective String Theory

Here we derive the Effective String Theory (EST) expressions of the QCD correlators
presented in Chapter 3] We use a mapping that relates the QCD operator insertions
into the rectangular Wilson loop with the EST degrees of freedom. This mapping has
been proposed in [56] and [57] assuming that the QQ system has the same symmetry
properties in both theories. Using the EST expressions for the correlators we construct
the string potential. Using this potential, in the last part of the chapter we compute the
string spectrum at O(1/m?). The findings of this chapter have also been published in
[58].

4.1 The Effective String Theory

In the previous chapter we obtained the following expression for the static potential in
terms of the rectangular Wilson loop

() — lim l (W
(T) TIHI oo T 1 < > ’ (41)
where

Wi = P exp {ig j'{ e Au(z)} . (4.2)

In the strong coupling limit, which is the expected coupling regime for large quark-
antiquark separation, this relation leads to a potential with a linear dependence on r

VO(r = 00) 7.

Another example of a system with a constant force along the interaction line, as the
one described by Eq. (4.1)), is a string with fixed ends. Moreover, it has been proposedE]
that the gluonic interaction between a quark and an antiquark at long distances form a

!See Ref. [59] for new developments based on this hypothesis.
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fluz tube (Fig. . Considering the picture of this flux tube we can get a qualitative
motivation for the string hypothesis: if the separation between the quarks is large enough
compared to the width of the tube, it may be expected that the QQ interaction behaves
like a string with fixed ends. This observation was quantified already in [20], where it

was shown that the Wilson line U = Pexp {—ig /dz“ Au(z)} fulfills the equation of
>

a quantized string. In our evaluation of the long-range QQ potential we will adopt the
EST hypothesis, which states that in pure gluodynamics and in the long-distance regime,
rAqcp > 1, the expectation value of the rectangular Wilson loop can be expressed in
terms of a string action:

lim (W) = / DELDE? ¢iSetring(€16%) | (4.3)

T—>oo

where Z is a constant. For rAqgcp > 1 the string action, Sgtring, can be expanded in a
series whose terms involve an increasing number of derivatives acting on the transverse
string coordinates & = ¢!(t,2) (I = 1,2) [60]. The coordinates ¢! count like 1/Aqep,
whereas derivatives in ¢ and z acting on them count like 1/r. Hence, terms in Sstring
are suppressed in the long range by powers of 1/(rAqcp). Up to terms with only two
derivatives, the string action reads

Sstring = —F / dt dz <1 — ;aﬂglaugo . (4.4)

This effective action corresponds to the leading order of the long wavelength limit of
the Nambu-Goto action, which in turn corresponds to the surface spanned by a string
propagating in spacetime [6I]. Studies constraining the form of the higher-order terms,
also by Lorentz invariance, are found in [62H66]. The next terms in the expansion turn
out to involve at least four derivatives, so they are suppressed by 1/(rAqcp)? with respect
to the kinetic term in . Such terms and subleading ones do not affect the results
presented here and will be neglected in the rest of this chapter. Since the string has
fixed ends at z = —r/2 and z = r/2, the transverse coordinates &' satisfy the boundary
conditions &(t, —r/2) = &!(¢,r/2) = 0. The constant x, which is of order AQCD, is the

string tension; its numerical value is known from lattice QCD determinations [67]E|

Fiattice = 0.21 [GeV?]. (4.5)
From (4.1)), (4.3) and (4.4)) it follows that |60 [69]
O (p) = Y
VENr)=kr+p Top KT (4.6)

where p is an unknown regularization-dependent constant and the term —m/(12r) is a
universal quantum correction known as the Liischer termﬁ The last approximation holds
in the large distance limit when the Liischer term may be neglected.

2This value corresponds to a quenched lattice determination in which loop of fermions are neglected.
Unquenched studies of the QCD flux tube can be found, for instance, in [68].

3 The Liischer term does depend on the dimension of spacetime. In d dimensions it reads —m(d —
2)/(24r). Equation holds for d = 4.
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r>d

e —©

Q Q

Figure 4.1: The flux tube hypothesis provides us with a graphic motivation to introduce
the EST: if the separation between the quark and the antiquark, r, is much larger than
the width of the flux tube, d, the gluonic exchange among the quarks in the long distance
limit may behave as a string with fixed ends.

The mapping between QCD and EST correlators that we will present in the next sec-
tion was constructed assuming the same symmetry transformations of the correlators in
both theories. Explicitly for the string coordinates £(¢, 2) (with &3 = z) the symmetry
transformations are [57]

e rotations with respect to the z axis:

€'t z) = RIE(t,2), (4.7)
e reflection with respect to the zx plane:

&t 2) = p7E (1, 2), (4.8)
e charge conjugation and parity (C'P):

E(t, 2) — =€t —2), (4.9)

e time-reversal (7):

E(t,2) = &(—t, 2) (4.10)

where R is the rotation matrix and p¥ = diag(1, —1,1).

Later we will need the explicit expression of the correlator of two string coordinates.
Considering and the string boundary conditions, the two-field correlator of the
EST in euclidean time is given by [57]

stm n (cosh[(t —t)w/r] + cos|(z + 2') 77/1"]) . (4.11)

Lit, 2)em(it’, 2')) =
(€t 2200 = G I oshl(t = #) 7 /] — cosl(z — ) /7]
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A derivation of this expression is available in Appendix

z

r/2 Q

Y

Figure 4.2: Reference frame set-up for the string in the EST. The vibration of the string
implies a variation of its transverse coordinates, here x and gy, which correspond to the
degrees of freedom of the theory. In the figure we show the value of the coordinates
(o, 2 = 0) = 29 and &2(tg, z = 0) = yp for a given time tg.

4.2 The long-range potential in the EST

4.2.1 Mapping

In [56] it was proposed that the equivalence could be extended to relate Wilson
loops with field strength tensor insertions, like the ones appearing in the relativistic
corrections, to correlators of the string fields &'. This would allow one to compute in the
EST the potentials listed in Chapter [3|in the long-distance regime.

Requiring the same symmetry properties for the transverse string coordinates and the
operators inserted in the Wilson loop, a program to expand the mapping of Eq.
was first started in [56] and then extended in [57]; we follow the method specified in
the latter to show the construction of the mapping. The transformations with respect
to the generators of the symmetry group of the string transverse coordinates were listed
in Eqgs. —; for the field insertions in the Wilson loop the same transformations
read

e rotations with respect to the z axis:

E'(t,z2) — RYE/(t,z),
Bi(t,z) — RYB/(t,z), (4.12)

e reflection with respect to the zzx plane:
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E'(t,z) — pYE/(t,2),
B'(t,z) — —pYBl(t,z), (4.13)

e charge conjugation and parity (C'P):

Ei(t7z) - (Ei)T(tv_z)a
Bi(t,z) — —(BY)!(t,—2), (4.14)

e time-reversal (T):

E'(t,z) — E'(-t,z2),
Bi(t,z) — —B'(—t,z), (4.15)

The superscript T stands for transpose, z = (0,0, 2) and as before R¥ is the rotation
matrix and p¥ = diag(1, —1,1).

In [56, 57] a mapping that satisfies the transformation properties (4.7)-(4.10) and (4.12))-
(4.15) was found to be

(L EL@) . ) = (A2t r)2) ),

(. EL(H)..) = (. A20.€t, —r/2)...),

(. BLE) .. = (.. Nemaa.em(t,r/2)...),

(.BYt) .. = (.. — Nemaa.em(t, —r/2)...),

(BB ) = (A2, (4.16)
(BB = (A2,

(. B3(t)..) = (... A"em,0,€ (t,7/2)0,6™(t,r)2)...),

(. B3E) . = (. — A ™0, (t, 1 /2)0.6™ (8, —1/2) ...},

where the indices I and m label the transverse coordinates: I,m = 1,2. The tensor €™

is such that €2 = 1 and €™ = —€™. In the Wilson-loop part of the mapping the heavy
quark is located at x; = (0,0,7/2) and the heavy antiquark at x3 = (0,0, —r/2), which
implies r = (0,0,7), see Fig.[1.2] The constants A, A/, A” and A" are unknown constants
of mass dimension one and of order Agcp.

The mapping is valid up to corrections that are subleading in the long range in
the EST counting. For the calculation of the long-range potential in the EST we will
assume the mapping to be exact. The impact of subleading corrections will be
discussed in section

The right-hand side of consists of correlators of string coordinates &. The func-
tional integral over the string coordinates is Gaussian (see the string action ) So we
have that correlators of more than two string fields & break up into products of two-field
correlators and derivatives of them, and that two-field correlators are given by Eq. .
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4.2.2 String representation of the QCD correlators

Provided with the mapping we can evaluate in the long-range the Wilson loop
expectation values that were given in Chapter Correlators involving more than two
string fields, which come from mapping Wilson loops with B? fields or more than two
chromoelectric field insertions, decompose into the product of two string field correlators
due to the Gaussian string action. Gaussianity also implies that correlators with an odd
number of string fields vanish. The Wilson loop expectation values appearing in the 1/m
suppressed corrections for rAqcp > 1 map into the following expressions:

(S (it) B (0)).
(S (i) E5 (0)))
r- (Bi(it) x E1(0))

r - (Bu(it) x E2(0))

2

> (Bi(it)Bi(0).
=1
2

> (Bi(it)B5(0).

=1
(B (it)B}(0)).
(B3 (it)B3(0))).

(E1(it1) - Eq1(it2)E1(it3) - E1(0)))c

(E1(it1) - Eq(it2)Ea(its) - E2(0)))c

- A mt

67— sinh™ | — 4.1
a2 ™ (21") ’ (4.17)
L. mA4 t

—5”# cosh™2 <72TT> , (4.18)

2 AZN t

% cosh <;r> sinh ™3 <72Tt> , (4.19)
KT T T
A2 t t

_L-Qmj sinh (;) cosh™3 <;> , (4.20)

3A/2 t
7;74 sinh 4 <72Tt> [2 + cosh <W>] ,  (4.21)
KT T T

4A///2 t
T sinh* <72T> (4.23)
K2r T
4A///2 t
TS [ (Tt . o [Tt —t3)
2 [smh <2r> sinh < o >
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where 6% = 0 for i or j = 3 and 6% = §% for i, j = 1,2. Terms of the type (Ei(t1)E(ts)-
E(0))). vanish after (4.16) regardless of the quark line where the chromoelectric fields
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are located. This is due to Gaussianity and to the subtraction of the disconnected parts.
It is also a specific feature of (E‘(t1)E(t2) - E(0)))., which is the only type of three-
field correlator appearing in the heavy quark-antiquark potential up to order 1/m?.
For example, a term like (E’(t;)E?(t2)E7(0))). would not vanish after (£.16). Finally
terms involving four chromoelectric fields contribute in the EST through two two-field
correlators that are connected.

4.2.3 The relativistic corrections to the Q@) potential in the EST

Once we are provided with the mapping of the correlators into the EST the calculation
of the long-range relativistic corrections to the Q) potential follows straightforwardly.
Substituting (4.17))-(4.26)) in the expressions of the potentials, we obtain

(1,0) g*A! 2
VP (r) i In (K17) + 1, (4.27)
v (r) 0, (4.28)
274
(2,0) g A= r
V2 () ~ e (4.29)
(1) 2427’
2,0 p2  cp’g ATA
ey - e P 40
Vi) 0, (4.31)
204
(1,1) g A r
Vi () o (4.32)
(1) 2427’
(1,1) cp g~ A°A
Vis (1) B (4.33)
3,(1) (2) 2xm2
(1,1) 2m°cp’cp’g A 3
Ve () s~ Alda + dunCP)O (), (4.34)
3,.(1) (2) 2pm2
(1,1) mocpcp goA
Vs, (r) 002 15 , (4.35)
2¢ g4A8T e s 7T30(1) 292A///2
(2,0) — 285 A T L e R A
Vo) T3K2 Thst r? + r4 * 60r2r5
WCFQSCS ! (3) (1) 3 . a b c
fd (I‘) - d3 fabc d°x TIE;I;O g<<G,uy(x)G,ua(l‘)Gua(x)>> ’
(4.36)
4A87‘
Vr(Ll)(T) = _C3275;3,‘q2 + (dss + dvsCr) 5(3)(1') ) (4.37)
where (3 = 1.2020569... is the Riemann zeta function of argument three and u; are

renormalization constants that appear after introducing a UV cutoff for small times in
the integrals of the correlators. The expressions for the potentials (4.27))-(4.33) agree
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with those in [57]. The spin-spin potentials and are of order 1/r°. The
1/r5 behaviour comes from the subleading correlator , for the long-range leading
contribution coming from the correlator , which would be of order 1/73, vanishes
in the integrals of (3.78) and (3.79) (the result is independent of the specific form of
the string action). This contrasts with the result of [56], where the correlator
is not taken into account and the leading spin-spin potentials shows up only at order
1/m*. The explicit expressions of the potentials in Eqs. (4.34), (4.35), (4.36) and
are new (first reported in [58]). We observe that correlators of two chromoelectric fields
contracted with r = (0,0, 7) vanish because of ridi = 0, and that we do not have a map-
ping prescription into the EST for the matrix element ((Gzy(x)Gza (2)G¢,,(z))) involving
three gluon fields located at an arbitrary point x of spacetime.

4.2.4 Constraints from Poincaré invariance

As pointed out in [57], Poincaré invariance fixes some of the renormalization constants
i; and field normalization constants, A, A’, ..., because it requires some equations to be
exactly fulfilled by the potentials (see [35], 36]). One of these equations is the Gromes
relation that relates the spin-orbit potentials with the static potential [70]:

1dv© 2,0) 1,1)
5+ Vis — Viys) =0. (4.38)
This equation is fulfilled in the EST only if
K
g =3 (4.39)

Another equation relates the momentum-dependent potentials with the static poten-
tial [71]:

rdv(© 2,0 1,1
5 v vt =0 (4.40)

This equation is fulfilled in the EST only if

gA\* =K. (4.41)
In 35 [71] also the exact relation
(0)
420 Wy _ o,V
AV 42V, V& 4 e 0,

was derived. This relation is automatically fulfilled by the potentials 7 and
in the long range, i.e., neglecting x and the Liischer term in V(%) and does not
provide further constraints.

A similar relation holds for A” and follows from the equation —V1V©) = ((gE1)) valid
for T'— oo derived in [I8]. The equation is fulfilled in the EST only if

gA"? = k. (4.42)
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Equations and are remarkable, for they completely determine the long-range
mapping of the chromoelectric field in the EST. Finally, we note that the equations
induced by Poincaré invariance would require the inclusion of subleading corrections to
the action and the mapping in order to be fulfilled beyond leading order in
the long-range limit.

Taking the potentials — at leading order in the long-range limit, using the
constraints and , and dropping terms suppressed by powers of «ag, like the
term proportional to ((Gzy(x)GZa(x)Gia(x))), we obtain

Va0 () = %ln(m*z)—i—m, (4.43)
viE9r) = o, (4.44)
KT
Vg’o)(r) = —5 (4.45)
(1) A
2,0 K C gA
Vil = 5, L e (4.46)
viler) = o, (4.47)
KT
VIE;J)(T,) = & (4.48)
(1 A/
1,1 cp'ghA
V[(/Q,S’z(r) = - Fr2 ) (449)
3,.(1) (2) 2xm2
1,1) _ 2miepien gt
V52 (T) - A5K2 15 ) (450)
3,.(1) (2) 2pm2
(1,1) _ mep'cp’g A
Vs, (1) = 00kZ 15 , (4.51)
2 (3 K2r
veEOry = - ;3 : (4.52)
(3 R2r
vl = — ol (4.53)

We have kept the subleading term proportional to 1/r% in (4.46)), because (4.6]) and (4.49))
together with (4.38)) guarantee that there cannot be any other term proportional to 1/r?

contributing to VL%’O) .

4.2.5 On the subleading contributions to the mapping

Equations — provide the EST expressions for the heavy quark-antiquark po-
tential in the long range following from the exact mapping . Subleading corrections
to the mapping will not change the functional dependence of the potential but may affect
some of the numerical coeflicients. For instance, in the case of the V}(ZO) (r) and Vr(l’l)(r)
potentials, which at order » may be affected by subleading contributions to the mapping
of E3 given by

. E3t)...) = (.. A2+ (0.6)%...),
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all possible terms proportional to A”8r® A”%r3 and A”* (A*/k)r3 vanish after subtrac-
tion of the disconnected parts of the correlators, so altering the coefficient of the term
proportional to r is the largest contribution of the subleading mapping. A similar sit-
uation can be checked in the case of spin-spin potentials at order 1/7°, which may be
affected by subleading contributions proportional to two string fields in the mapping of
B!, however, no terms larger than 1 /r® will contribute to the potential. In all other cases,
subleading contributions to the mapping and action will lead to subleading contributions
to the potentials.

4.3 Spectrum of the LO EST potential

In order to illustrate the impact on the spectrum of the new long-range potentials derived
in the previous section, we consider the following model: a quark-antiquark pair both of
mass m bound by the potential given in —. In the center-of-mass frame, the
Hamiltonian of the system is H = p?/m + V. The potential, V, reads

2 1 V(Qvo) <7,.) V(lvl)(r)
= y© 210 il L2 L2 2
Vi(r) VIP(r) + V() + m2{ 2=y t+t—5|L
(2,0) (L) a0y (82 3) e A
+ [VEO M+ Vo] Les+vEY ) (5 - ) + 18 08 16)
+2V,20(r) + Vr“’”(r)}
N 1k 2 1 Ko K 9 (3 K27
A Kr+ p— In (k1) + 2 ( 6rL 27nL S 53 , (4.54)

where L = r x p and S is the total spin of the system. In the last line we have dropped
contributions to the static and spin-orbit potentials that are subleading in the long range,
and the spin-spin potentials, which fall off sharply like 1/75. The constants in the static
and 1/m potentials do not contribute to the energy level splittings; hence we do not
display them. The model has the advantage of depending only on two parameters: the
mass m and the string tension k. We compute the energy levels by including contributions
from the potential that are first order in 1/m? and up to second order in 1/m. We call
Egl)) the eigenvalues of the zeroth-order Hamiltonian p?/m + kr. The eigenstates of the
zeroth-order Hamiltonian, |nljs), may be chosen to be simultaneously eigenstates of the
angular momenta and spin. They are labeled by n, [, 7 and s, which are the principal,
orbital angular momentum, total angular momentum and spin quantum numbers. The
state |nl) stands for |nljs) when acting on an operator that does not depend on spin.
The energy levels read

[ V) 1) 2
By = By

Enijs = B3+l V™ 4+ S (s |V ™D nls) . (4.55)

(/1) #(n.l)
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The results for the spectrum are summarized in the Tables and which refer to the
cases m = 3y/k and m = 104/k respectively. We choose these values because if k = 0.21
GeV?, then m = 3/k corresponds approximately to the charm mass and m = 10y/k to
the bottom mass.

The tables show all levels up to n = 3 and all S-wave levels up to n = 6. S-wave levels are
degenerate in spin because the last line of does not contain a spin-spin interaction.
For some states, the 1/m potential turns out to give a smaller contribution than the 1/m?
potentials. It happens when +/k (nl|r|nl) is close to 1, and the logarithm in the 1/m
potential vanishes. This is the case for the 15 state when m = 3/k: /k (15|r|1S) ~ 1.08,
and for the 1P states when m = 10y/k: /k (1P|r|1P) ~ 1.04. For the other states,
and in particular for higher states, the contributions of the different potentials scale
naturally. All 1/m? corrections are of similar size. This holds also for the newly calculated
corrections, which are listed in the column labeled V., showing the relevance of the spin
and momentum-independent potentials.

In Fig. [43] we show graphically the effects of the relativistic corrections to the energy
levels for the 1.5, 13P; and 23 P; states in the cases m = 3y/k and m = 10y/k. In Fig.
we summarize in one plot the effect of these corrections on the whole spectrum for the
case m = 3y/k.
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Levels | EO [[va/m [ yim 1oy, | v | v E
15 | 1.621 | -0.007 | -0.007 | 0 0 | -0.021 | 1.586
1TP, 2331 0.080 | -0.005 |-0.027| 0 |-0.030 || 2.349
1°Py [ 2331 | 0.080 | -0.005 | -0.027 | 0.082 | -0.030 || 2.431
1°P, 2331 0.080 | -0.005 |-0.027 | 0.041 | -0.030 || 2.390
1°P, | 2331 | 0.080 | -0.005 |-0.027 | -0.041 | -0.030 || 2.308
25 [ 2834 0.100 | -0.004 | 0 0 | -0.037 | 2.893
1'D, |[2.946 || 0.134 | -0.004 |-0.062| 0 |-0.038 | 2.976
1°D; |[2.946 || 0.134 | -0.004 | -0.062 | 0.093 | -0.033 || 3.069
1°D, |[2.946 | 0.134 | -0.004 | -0.062 | 0.031 | -0.038 | 3.007
1°Dy || 2.946 | 0.134 | -0.004 | -0.062 | -0.062 | -0.038 | 2.914
1P, [ 3.387 || 0.147 | -0.003 |-0.022| 0 | -0.044 | 3.465
25P, || 3.387 || 0.147 | -0.003 | -0.022 | 0.066 | -0.044 || 3.531
25P, | 3.387 || 0.147 | -0.003 | -0.022 | 0.033 | -0.044 || 3.498
25P, | 3.387 || 0.147 | -0.003 | -0.022 | -0.033 | -0.044 || 3.432
35 | 3.828 || 0.161 | -0.003 | 0 0 | -0.049 | 3.937

45 4.706 || 0.203 -0.002 0 0 -0.061 || 4.846
58 5.508 || 0.235 -0.002 0 0 -0.071 || 5.670
65 6.256 | 0.262 -0.002 0 0 -0.081 || 6.435

Table 4.1: Spectrum in the case m = 3y/k. All energies are expressed in units of /k.
The column E© lists the zeroth-order energy levels, which for S waves are related
to the zeros of the Airy function [7]. The column V(}/™) lists the matrix element of

rIn (kr?) /(wm). The columns Vﬁégﬁeﬂ V12, Vis and V. list the matrix elements of the
second-order contribution of the 1/m potential and the matrix elements of —xL?/(6m?r),

—kL-S/(2m?r) and —9 (3 k%r/(273m?) respectively. The column E gives the total energy

levels according to (4.55).
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Levels | £ [ va/m [ yim Ty, | vig | v E
15 | 1.085 | -0.028 | -0.001 | 0 0 | -0.001 || 1.055
1TP, | 1.560 || -0.0015 | -0.0007 | -0.004 | 0 | -0.002 | 1.552
1°F, | 1.560 || -0.0015 | -0.0007 | -0.004 | 0.011 | -0.002 || 1.563
1°P, | 1.560 || -0.0015 | -0.0007 | -0.004 | 0.006 | -0.002 || 1.558
1°P, | 1560 || -0.0015 | -0.0007 | -0.004 | -0.006 | -0.002 || 1.546
25 || 1.897 || 0.004 | -0.0005 | 0 0 | -0.002 | 1.899
1'D, [[1.972 | 0.015 | -0.0005 |-0.008 | 0 |-0.002 | 1.977
1°D; |[1.972 || 0.015 | -0.0005 | -0.008 | 0.013 | -0.002 || 1.990
1°D, |[1.972 | 0.015 | -0.0005 | -0.008 | 0.004 | -0.002 || 1.981
1°Dy || 1.972 || 0.015 | -0.0005 | -0.008 | -0.008 | -0.002 || 1.969
1P, | 2.267 | 0.019 | -0.0005 | -0.003| 0 | -0.003 | 2.280
25P, || 2.267 | 0.019 | -0.0005 | -0.003 | 0.009 | -0.003 | 2.289
25P, | 2.267 | 0.019 | -0.0005 | -0.003 | 0.004 | -0.003 || 2.284
25P, | 2.267 | 0.019 | -0.0005 | -0.003 | -0.004 | -0.003 | 2.276
35 || 2.562 | 0.023 | -0.0004 | 0 0 |-0.003 | 2.582

45 3.150 || 0.035 -0.0003 0 0 -0.004 || 3.181
58 3.687 || 0.045 -0.0002 0 0 -0.004 || 3.728
65 4.188 || 0.053 -0.0002 0 0 -0.005 || 4.236

Table 4.2: Spectrum in the case m = 104/k, columns are like those in Table
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Energy level 1S, m =3V Energy level 1S, m =10V
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Figure 4.3: Energy levels for the states 1S, 13P; and 23P; normalized with respect to
Eg), ESD) and E'é(l))) respectively. The left plots refer to the case m = 3./k, the right ones
to the case m = 10y/k. The leading order (LO) levels correspond to ET(L(;), the next-to-

leading-order (NLO) corrections to (nl|V(/™)|nl) and the next-to-next-to-leading-order
(NNLO) ones to the remaining two terms shown in the right-hand side of Eq. (4.55).

44



Spectrum for m =3vk
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Figure 4.4: Spectrum of all states up to n = 3 and of all S-wave states up to n = 6 in
the case m = 3y/k. Energies are expressed in units of \/k.

4.4 Summary

In this chapter we have computed all 1/m? EST potentials, in particular we found novel
expressions for the momentum and spin-independent 1/m? potentials. These expressions
show a linearly rising behaviour with the distance and may be interpreted as a sort of
relativistic correction to the static potential. This is a sharp prediction of the EST that
can be checked against data from lattice, once calculations of Wilson loop expectation
values with four chromoelectric field insertions are performed.

Under the assumption that the mapping is exact, the expressions of the potentials
are given in and . The net effect of these potentials in the equal mass case
is to reduce the string tension by an amount 9 (3 k?/(273m?).

We will give more general conclusions about the findings of this chapter in Chapter [I0}
What will be immediately important for the construction of the potential in the next
chapter is Eq. since that is the expression we will use to parametrize the long-range
(non-perturbative) part of the full QQ potential.
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Chapter 5

The full-range Q) potential

As we will see in Chapter [ the evaluation of the E1 decay rates requires as input the
QQ potential for the whole distance regime. In the present chapter, we construct such
a potential using the results of the perturbative evaluation of the QCD correlators of
Chapter [3] for the short distance limit and the EST evaluation of these correlators for
the long distance limit. To fit its free parameters we use state-of-the-art input from
experiment and lattice QCD.

5.1 Construction of the potential

Here and for the rest of the thesis we will assume the string hypothesis as valid, namely,
that the evaluation of the QCD correlators of Chapter [3]in the EST leads to the right
dependence of the QQ potential on r for rAqcp > 1. In the limit » — 0, the potential is
determined by the perturbative evaluation of these QCD correlators (see below). Even
if both limits are known, the problem of the transition zone between the perturbative
and non-perturbative regimes remains. To construct the full-range potential we will
adopt the simplest approach of adding the expressions for the short and long distance
limits. In this way, the full QQ potential will have the right dependence on r in both
limits and a smooth transition between the perturbative and non-perturbative regimes.
The main inconvenience of this approach is that in both regimes the potential will still
receive artificial contributions from either short or long range potential{]. This problem
is especially critical for the perturbative contributions going into the non-perturbative
regime, where, due to their dependence on oy, they will present a singularity at r = AééD.
In order to avoid this issue, in the perturbative expressions we will replace the running
coupling by a free parameter a that needs to be fixed. We do the same with the mass
m, that we will treat as a free parameter of the potential.

For the long-distance contribution, we consider the LO EST potential given in Eq.

!By the right dependence on r in the limit we mean that artificial contributions will vanish faster
in the limit. For instance, we may have a non-perturbative contribution ~ 1/r and a perturbative
contribution proportional to the same operator that scales as ~ 1/r%, but in the limit rAqcp > 1 the
non-perturbative contribution will be dominant compared to the perturbative one.
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that for convenience we recall here introducing notation that we will use later on

Vlong—range(r) = k1 + Vv(]il/S;‘L) (7“) + VE‘QST(T)LQ + V[]/ESST(T)L .S + {/(]13/8;12)(7") , (51)

where
k1n (m“Q)
V(]i:/SEI) (r) = T mr (5.2)
EST K
VL2 (T) _6m2r’ (53)
K
V[]/ESST(T) = _2m2r’ (54)
9(3 K21
EST _
Vim» (1) = = 2m2ns (5.5)

In the case of the perturbative potential, its structure is given by the expressions of
Sec. in the equal mass case, explicitly
VP (r) = Voour (r) + Vi (r) + V™ (r)L? + V™ (r)L - S + Ve (r)S?
+ Vs, (r)S12 + V;i(r) (1), (5.6)

where Si9 is given in Eq. (3.16)). Following this notation, the perturbative expressions of
the short distance potentials are given by [T2-76]

Ve (r) =~ 6.7
ert. CFCAQS(T)Q
Vim (1) = =g 58
Crog(r
Vip(r) = —22: ), (5.9)
ert. CFas(T)
VET) = S (510)
as(r)6®) (r
Vg(r)(r) = 7TCF (37%2 (), (5.11)
4rCrag(r
Ve (r) = ék(kﬁw, (5.12)
3Cras(r)
pert. o F
VLS (T) - 2m2r3 ’ (513)
Crog(r
Vo (r) = 42127(,3)- (5.14)

These expressions can be re-obtained by computing the correlators of Chapter [3]in the
short-distance limit.
Replacing as(r) by the parameter a in Eqs.— and adding the long-range poten-
tial we get

pt
4m3

Vg = VO 1 y/m) ya/m?) (5.15)
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where

vO@) = —cpg + K, (5.16)

vamegy = % log(v/kr) — ngﬁ;ﬂ, (5.17)

v/m) (p p,L,S) = % {; {pQ, Cf“} + (fo - 6’1) L’ 4 (3262“;)& - ;) L-S
b TGRS+ G0 4 7Crad Ve %gr} |

(5.18)

We have also included the kinematic correction proportional to 1/m? since, as we will see
in the next section, it will be of the same parametric size as some of the 1/m? corrections
after setting the power counting.

Notice that the V(O (static) potential corresponds to the Coulomb plus linear potential
known as the Cornell potential [T7]. The potential defined by Eqgs. — depends
on the same three parameters as the Cornell potential does, namely, the quark mass m,
the string tension x and the coupling a. From Egs. — we can check our argu-
ment about the limiting behavior of the potential, for instance, in the static potential we
see that in the non-perturbative limit the Coulomb potential is sub-dominant compared
to the linear part; the same can be checked for the 1/m and 1/m?2-suppressed potentials.
We will consider a, k and m as free parameters; in order to fix them we will need to ac-
count for the relativistic corrections to the potential in the expression of the quarkonium
mass M (nQSHL 7). Using quantum mechanical perturbation theory to include these
corrections we have

0 L [(nl|[VNEO (1) ml) |2
M(nQSHLJ) = 2mey +E7(Il) + (nl|VNLO(r)\nl> + Z I |E(O) (E)JO) )
ml

nl

+ (nljs|VINEO (1) |nijs), (5.19)

m#n

VLO, VNLO VNNLO

where the explicit shape of and will be given in terms of the ex-
pressions in Egs. — according to the counting we will specify for a, x and m.
Notice that in Eq. (5.19) we assume that the second order perturbative correction due
to the VNEO potential scales as VINLO,

5.2 Power countings
With the power counting adopted in [2I] the relativistic NLO corrections to the E1 decay
rates are of relative size v? (see next chapter). This dictates the size of the relativistic

corrections that need to be included in the potential, which in turn will depend on the
power counting imposed on its parameters, in our case m, a and . For what concerns
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the potential, the counting adopted in [21] reads
lp| ~ mo,
r o~ 1/muo. (5.20)

For fitting the potential parameters and later evaluating the rates, we will consider the
following three different possibilities for the counting of the potential.

Counting 1

In this counting we assume
a ~ v,
K~ mv°,
lp| ~ mo,
r ~ 1/mu,

which implies that, to evaluate Eq. (5.19)), we must organize the potential as follows

VO = —0pl 4k, (5.21)
T
NLO 2k
1% = m—log(\/ﬁr), (5.22)
T
4
weo _ _PT 1 fLf s Cral  (Cra  K)\yo (3Cka kG-
v B 4m3+m2{2{p’ r }+<2r3 6r Lo+ 2r3  2r L-8
47Cra Cra ) CrCya’
+ 3F 5@ (r)S? + Ti;,slg(r) —|—7rC’Fa(5(3)(r)} - % (5.23)

This counting also implies that the parametric size of the potential is such that VO ~
mv?, VNEO ~ 4 In(v)VEC and VINLO  2VEO | The scaling a ~ v is the natural scaling
of the QCD running coupling in the perturbative regime [I0]. With the scaling imposed
on &, VIO corresponds to the static potential and it scales homogeneously. The counting

of |p| and r is inherited from Eq. (5.20)).

Counting 2

In this case, instead of imposing a counting on the parameters we will just order the
potentials according to their size in powers of 1/m, so in order to evaluate Eq. (5.19) we
set

VIO = yO(p) (5.24)

YNLO - — y(1/m) (5.25)
4

VINLO — B 4 VO p L, S). (5.26)

We have kept the kinematic correction proportional to 1/m? since it does not originate
from a specific regime of the potential. Later we will use the results obtained with this
counting to measure the impact of adopting different orderings in the potential.
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Counting 3

In this counting for charmonium states we will assume
a ~ v,
K~ mv,

p| ~ my,

r ~ 1/mu,

which implies that for charmonium the potential is organized as follows

VO — g, (5.27)
2
VN = oy 2 oe(yRr), (5.28)
T mm
4
NNLO _ p 1 Krog K
v Rl b A SR (5:29)

With this ordering VO ~ mo?, VNLO VO and VNNLO 92 LO  The motivation
for adding an extra v-suppression to a will be clear later in this chapter: it turns out that
considering a ~ v? for charmonium is more consistent than naively adopting Counting
1 for bottomonium and charmonium simultaneously. The extra suppression implies that
for charmonium states the perturbative contributions to the potential will be less relevant
than long-distance contributions. In this approach, when evaluating bottomonium masses
and transitions, we will adopt the expressions of Counting 1.

5.3 Inputs

We will use two different input sources to fix the potential parameters. The first input
comes from the charmonium and bottomonium spectra as retrieved from the Particle
Data Group (PDG) report [78|; we call this approach phenomenology input. The second
input source comes from the lattice determination of the QQ static energy done by the
HotQCD collaboration reported in [79]; we will refer to this approach as the lattice input.
In both cases there is more data than parameters so our objective will be to find average
values for each parameter based on these redundant data sets; we do this for each of the
countings specified earlier. Now we go ahead explaining the details of both procedures.

Phenomenology input

In this approach, in order to get a set of parameters |a, k, m., my|, we solve a system of
four equations of the type

Mineo(n*S T L5 a, k,m) — My (n?5T1 L) = 0, (5.30)

for four different quarkonium states, where My, is given by Eq. (5.19) and Mey, corre-
sponds to the central value of the mass of the n>*1L; state quoted in the PDG report
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[78]; explicit values are given in Appendix [C]

We proceed by choosing sixteen different combinations of quarkonium states in order to
obtain the corresponding sixteen sets of parameters. Three of these sets are obtained by
choosing three bottomonium states to fit a, x and my and then solving a fourth equation
to fit m. keeping a and x fixed. Three more sets are obtained doing the reversed process,
fitting a, k and m, using three charmonium states and then fitting m;, with a and x held
fixed. The remaining ten sets are obtained solving the equations for two charmonium and
two bottomonium states simultaneously. All states used in this approach are below the
respective open flavor thresholds, except for the bottomonium Y(4S), which is slightly
above. Details about the method used to solve Eq. are given in Chapter m The
detailed results of the fitting with this input are given in Appendix [D] the final averages
for each parameter in each of the countings are given in the next section.

Lattice input

In this approach we fit the parameters a and x of the V(©) potential in Eq. using
the results of the lattice determination of the Q@ static energy reported by the HotQCD
collaboration [79]. This procedure gives us twelve pairs (ajatt, Klatt) corresponding to
each of the twelve data sets for different lattice spacings. Two of the data sets used for
the fit are displayed in Fig.[5.1] The full results of the fitting are shown in Table [5.1]

B=7.596
3 4 y y
2 3
2
5 ! 5
3 <
+ o0 +
5 S
< <
-1
-2
-2 x
u
3 ; ; i i i _3 i i ; ; ; ;
0.0 0.5 1.0 1.5 2.0 25 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
r/my r/ry

Figure 5.1: Two of the data sets used to fit a and k in the lattice approach. They are
labeled using the gauge parameter 3: the larger 8 is the smaller the lattice spacing is.
In the case of B = 7.825 (left) the lattice spacing is around 0.2 [GeV ™}, for 8 = 7.596
(right) it is approximately 0.25 [GeV~!]. Both plots are presented in dimensionless units,
we have used 71 =~ 1.58 [GeV 1] [79] in order to convert the data to physical units.

The procedure for fitting the masses is the following:
e For each quarkonium state, n?*t1L;, we find twelve m’ values solving

Mtheo(n25+1LJ; G = Qlatty K = Klatt, m/) - Mexp(n25+1LJ) =0, (5'31)
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where Mieo is given by Eq. assuming one the countings specified in the
previous section and the values of ajaty and kit given in Table 5.1} We take the
average of these twelve m’ values to extract the quark mass corresponding to each
quarkonium state: m.(n?5*t1Ly) and my(n®t1Ly).

e Our final values for the quark masses are obtained by averaging the eight values
we get for m.(n?>T1L;) and the fourteen values we get for my(n?+1Ly).

The partial results for the fitting of the masses are given in Appendix [D] Further technical
details about the fitting with lattice input are given in Chapter [7]

Data Set | Spacing (3) a oo || K[GeV?] | 0, [GeV?]
1 6.66 0.320 | 0.009 0.214 0.003
2 6.74 0.346 | 0.004 0.210 0.001
3 6.8 0.296 | 0.005 0.227 0.002
4 6.88 0.297 | 0.004 0.222 0.002
) 6.95 0.296 | 0.004 0.223 0.002
6 7.03 0.293 | 0.004 0.220 0.002
7 7.15 0.285 | 0.003 0.227 0.002
8 7.28 0.278 | 0.003 0.230 0.002
9 7.37 0.276 | 0.003 0.233 0.002
10 7.5 0.292 | 0.005 0.177 0.003
11 7.6 0.263 | 0.002 0.245 0.002
12 7.83 0.253 | 0.002 0.246 0.002
| Averages | - [0297]0.015] 0220 [ 0.008 |

Table 5.1: Results for the fitting of a and x with lattice input, o, and o, are the standard
deviations of a and k respectively. The values are obtained by fitting the dataset of each
lattice spacing to a function with the shape of Eq. . In the case of a and k the
averages are calculated using o, and o, as weights. We treat the values of o, and o, as
the uncertainties in the determination of each parameter, so the quoted average of these
quantities is calculated using quadratures.

5.4 Results of the fitting

The final results of the fitting are given in Tables and for the phenomenology
and lattice input respectively. In both inputs we will use these values to generate sixteen
new values that distribute normally around their respective mean; in Chapter [8 we will
evaluate the decay rates using these randomly generated sets. In this way we expect to
cancel possible correlations between the states used to fit the parameters and the states
involved in the decays.
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| Counting | a(og) | 5 (04) [GeV?] | me (om,) [GeV] | my (0, ) [GeV] |
1 0.222 (0.070) | 0.182 (0.026) | 1.345 (0.070) | 4.736 (0.061)
2 0.213 (0.073) | 0.184 (0.027) 1.346 (0.074) 4.730 (0.065)
3 0.246 (0.074) | 0.210 (0.041) | 1.123 (0.074) | 4.704 (0.086)

Table 5.2: Summary of the fitting with phenomenology input, the standard deviation of
each parameter is quoted in brackets.

’ Counting ‘ Me (Om, ) [GeV] \ mp (0, ) [GeV] ‘

1 1.321 (0.115) | 4.719 (0.132)
2 1.338 (0.114) | 4.725 (0.137)
3 1.130 (0.086) -

Table 5.3: Summary of the fitting of the masses with lattice input. The values of a =
0.297 with o, = 0.015 and x = 0.220 [GeV?] with o, = 0.008 [GeV?] are the same for all
the countings. Notice that we do not quote a value for m; adopting Counting 3 because
the procedure to obtain this value in this counting is equivalent to the one of adopting
Counting 1, thus yielding the same result for the three parameters.

5.5 Consistency of Countings 1 and 3

In Tables - we compare the values obtained for the parameters against their
expected size according to Countings 1 and 3. The computation of the expected sizes
depends on the quantum numbers of the quarkonium state that is being considered, the
comparisons shown in Tables [5.4] - are done for all the initial states of the decays
that will be evaluated later.

An alternative consistency test is to check if the hierarchy among the LO, NLO and
NNLO potentials as dictated by the counting is realized once the parameters have been
fixed. The results of this test are shown in Tables - of Appendix [D]for the same
initial bottomonium and charmonium states.
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State a(oq) v K(ok) m2v3 || (1/r)7 !
[GeV?] [GeV?] || [GeV ™Y
11P; 1 0.22 (0.07) | 0.24 || 0.18 (0.03) | 0.31 1.79
21P; [ 0.22 (0.07) | 0.27 || 0.18 (0.03) | 0.46 2.36
2357 10.22(0.07) [ 0.26 | 0.18 (0.03) | 0.41 1.56
3357 [0.22(0.07) [ 0.29 | 0.18 (0.03) | 0.56 2.04
3¥P; [0.22(0.07) [ 0.30 | 0.18 (0.03) | 0.62 2.81

Table 5.4: Consistency check in the bottomonium states of the results for the parameter
fitting using Counting 1 with phenomenology input. In order to compute the expectation
values, the Schrodinger equation is solved numerically using the LO potential with the
corresponding values of a, mp and x taken from Table also quoted here. For more
details about the method used to solve the Schrédinger equation see Chapter m

State a(og) v k(ok) m2v3 || (1/r)7t
[GeV?] [GeV?] || [GeV 1]

1'P; | 0.22 (0.07) | 0.52 | 0.18 (0.03) | 0.25 2.05

235, [ 0.22 (0.07) | 0.57 || 0.18 (0.03) | 0.33 2.57

Table 5.5: Consistency check in the charmonium states of the results for the parameter
fitting using Counting 1 with phenomenology input. The values are computed as in

Table

State a(og) v K(ok) m?v? || (1/r)7 !
[GeV?] [GeV?] || [GeV 1]
1Py | 0.30 (0.02) | 0.26 || 0.22 (0.01) | 0.41 1.63
21P; 1 0.30 (0.02) | 0.30 | 0.22 (0.01) | 0.59 2.17
2357 1 0.30 (0.02) | 0.29 | 0.22 (0.01) | 0.54 1.43
3357 | 0.30 (0.02) | 0.32 || 0.22 (0.01) | 0.71 1.89
33P; [ 0.30 (0.02) | 0.33 || 0.22 (0.01) | 0.77 2.60

Table 5.6: Consistency check in the bottomonium states of the results for the parameter
fitting using Counting 1 with lattice input. The values are computed as in Table
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State a(oq) v K(ok) m2v3 || (1/r)7 !
[GeV?] [GeV?] || [GeV ™Y
11P; | 0.30 (0.02) | 0.56 || 0.22 (0.01) | 0.31 2.75
2355 10.30 (0.02) | 0.62 [[ 0.22 (0.01) | 0.42 2.40

Table 5.7: Consistency check in the charmonium states of the results for the parameter
fitting using Counting 1 with lattice input. The values are computed as in Table

State a(og) v k(ok) m2v3 || (1/r)7t
[GeV?] [GeV?] || [GeV ™!
11P; 1 0.25 (0.07) | 0.25 || 0.21 (0.04) | 0.37 1.70
21P; [ 0.25 (0.07) | 0.29 || 0.21 (0.04) | 0.54 2.24
2357 10.25(0.07) | 0.28 || 0.21 (0.04) | 0.48 1.49
335y 1 0.25 (0.07) | 0.31 || 0.21 (0.04) | 0.65 1.94
33P; | 0.25 (0.07) | 0.32 || 0.21 (0.04) | 0.72 2.68

Table 5.8: Consistency check in the bottomonium states of the results for the parameter
fitting using Counting 3 with phenomenology input. The values are computed as in

Table [5.4]
State a(og,) v? K(ok) m?v3 || (1/r)7!
[GeV?] [GeV?] || [GeV ™Y
1'P; [ 0.25 (0.07) | 0.34 || 0.21 (0.04) 0.25 3.16
235, | 0.25 (0.07) | 0.41 || 0.21 (0.04) | 0.33 278

Table 5.9: Consistency check in the charmonium states of the results for the parameter
fitting using Counting 3 with phenomenology input. The values are computed as in

Table
State a(og) v? K(ok) m?v3 || (1/r)7!
[GeV?] [GeV?] || [GeV ™Y
1P, [ 0.30 (0.02) | 0.35 | 0.22 (0.01) | 0.26 311
2357 10.30 (0.02) | 0.42 | 0.22 (0.01) | 0.35 2.73

Table 5.10: Consistency check in the charmonium states of the results for the parameter
fitting using Counting 3 with lattice input. The values are computed as in Table
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Analysis

In the case of bottomonium states we see that the scaling a ~ v, imposed on the coupling
parameter is fairly fulfilled with both countings in all states. In the case of the string
tension parameter, it can be read from the previous tables that the scaling k ~ m2v>
appears to be an overestimation of the size of k, especially in excited states.

Regarding charmonium states, the scaling a ~ v? of Counting 3 appears to be better
realized than a ~ v. Also considering Counting 3, we see that the scaling of x is quanti-
tatively better realized than in Counting 1, especially in the 1P states.

In the case of the parametric size of r, notice that the scaling r ~ 1/mv omits any
dependence on the quantum numbers, however, such a dependence may be substantial.

In the case of a pure Coulombic LO potential, the following exact relation holds

1/ =

with n’ being the principal quantum number, i.e. n’ = n + [. Surprisingly, Eq. is
the scaling that governs the expectation value of 1/r also in our evaluations, regardless
of whether the LO potential is given by V(©) like in Counting 1 or just a pure linear term
like in the Counting 3 for charmonium states. For instance, considering the evaluation
of (m(v))~! in 1P bottomonium states adopting Counting 1 with phenomenology input,
Table the RHS of Eq. gives 1.76 [GeV '], which agrees within 2% with the
value of (1/r)~1 for 1P states quoted in that table. Similar results can be verified for all
states regardless of the flavor or the adopted counting.

As mentioned, a complementary test of the realization of the power counting is to check
if the expectation values of each term in the QQ potential respect the ordering inherited
from the adopted counting. For the sake of clarity we have left the tables of this analysis
in Appendix [D]

Considering first the bottomonium states, the main conclusion that can be drawn from
those tables is that, regardless of the counting (1 or 3) or the input, the potential fulfils

[(VEO) > (VRO [(VNE0) (5.33)

n/

, (5.32)

m(v)

where ViLO is either of the terms of the LO potential, Coulombic or linear, and VNNLO

is any of the NNLO potentials. The distinction between the NLO and NNLO potentials
is more dubious; the general situation is that in both countings we have

(VL) ~ [(VIREO). (5.34)

where ( is the largest of the expectation values of the NNLO potentials. Ac-
tually, for many states the numerical value of the expectation value of the logarithmic
NLO potential, although of the same order, is smaller than the one of the 1/m-suppressed
NNLO potential. Nevertheless, it can be verified that in most of the cases this is due to
numerical factors of the potentials that are independent of the adopted counting.

For charmonium states, when adopting Counting 1 we have a similar scaling as in bot-
tomonium, in the case of the Counting 3 the potential fulfils

[(VEO) > [(VTO)| > [(VEREO)), (5.35)

V;\INLO>
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where <V§L0> is the largest of the expectation values of the NLO potentials, which for all
states turns out to be the one of the Coulombic potential, and <VNNLO> is the expectation
value of the full NNLO potential. As in the Counting 1, the expectation value of the
logarithmic potential appears to be extra-suppressed.

5.6 Summary

The establishment of a power counting is a useful way of ordering the relativistic correc-
tions to a given physical observable. Constructing the Q@ potential by adding short and
long distance contributions, in this chapter we have studied the numerical impact on the
potential parameters from ordering the contributions to the potential in three different
ways. In two of them (Countings 1 and 3) the ordering derives from the scaling imposed
on the parameters themselves.

Since the analysis of the previous section shows that the counting of the coupling pa-
rameter as v is better realized in bottomonium states, and that for the same states
the scaling of x is missed, our consistency test appears to indicate that short-distance
physics is dominant in bottomonium. On the other hand, the extra-suppression in v of
the coupling parameter, together with the better realization of the scaling of k, indicate
that non-perturbative effects are more relevant in charmonium. This is what one would
expect knowing that charmonium is a larger system than bottomonium.

For what concerns the numerical impact of the extra suppression of the logarithmic po-
tential in the evaluation of the decay rates, we consider two possibilities. The first one is
that we have underestimated the size of some of the NNLO corrections, so they should be
counted as NLO; in such a case, the contribution coming from the second order correction
due to the NLO potential in Eq. may have been underestimated. It turns out that
the leading NNLO correction in Counting 1 comes from the 1/m-suppressed potential.
The counting of this potential as NLO has been considered in Counting 2, which we will
use to measure the effect of considering both 1/m potentials as NLO in the evaluation
of the decay rates.

The second possibility is that, instead of separating the logarithmic potential from the
other corrections, one should count all the relativistic corrections homogeneously, in
which case there would be no contribution to the decay rates from a second order correc-
tion. Since what we get is an extra-suppression of this potential, we expect these second
order corrections to be small enough not to alter the qualitative features of our results
for the evaluation of the E1 rates.

This chapter ends our construction of the QQ potential, which for the rest of the thesis
will be considered, in each of its counting/input combinations, as fixed. The explicit
expressions of the relativistic corrections to the E1 decay rates derived from it and their
numerical evaluation are the subject of the following chapters.
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Chapter 6

The radiative E1 transition

In the first part of this chapter, we give an overview of some of the relevant aspects arising
in the study of quarkonium radiative decays in pNRQCD. Then we present the specific
formulas necessary for the evaluation of the E1 decay rates. We close this chapter with
an overview of the available experimental data that we will use to compare our results
in Chapter [9

6.1 The radiative decays in pNRQCD

By radiative decays we will refer mainly to the electric dipole (E1) and magnetic dipole
(M1) decays. The M1 decay differs from the E1 in that the final quarkonium state has
the same angular momentum quantum number but the spin has been changed by one.
An example of such a decay in charmonium is J/1 decaying into a photon and an 7,
state. The development of EFTs for heavy quarkonium helped to establish a model-
independent framework for the study of these radiative transitions. A study of the M1
transitions within the framework of pNRQCD can be found in [80]. Using this framework,
a perturbative evaluation of the decay rates has been performed in [81I]. In this thesis,
we are focusing on the study of the E1 decays, however, at the end of this section we
briefly discuss the status of M1 decays in pNRQCD.

6.1.1 The physical landscape

Before giving concrete formulas, let us discuss the physics of the radiative decays and
where they locate within the landscape of quarkonium physics at large. In Fig.
we show part of the charmonium and bottomonium spectrum (mainly below threshold)
together with some of the most significant E1 decays that have been observed. The
basic kinematics of the decay are displayed in Fig. We argued in Chapter 2] that the
weakly-coupled regime of pNRQCD is suitable for the study of quarkonium states that
lie in the lower half of Fig. [6.1] In this regime the Lagrangian of pNRQCD relevant for
radiative transitions can be written as

LoNrQep = Lgg(S, 0) + ALg1 i (S, 0, E*, B™), (6.1)
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Figure 6.1: Part of the bottomonium and charmonium spectra showing some charac-
teristic E1 decays. The decays in black are those with a large branching fraction, the
decays in red have a status of seen in the PDG. Explicit values of the masses are given
in Appendix [C| the values of the available branching fractions of the E1 decays from
different experimental sources are given in Sec.

where we have separated the part of the Lagrangian that depends only on the quark and
antiquark fields and the part that includes the pNRQCD operators responsible for the
coupling of the theory to electromagnetism (EM). S and O are the quark-antiquark singlet
and octet fields respectively, which were described in Chapter[2] The index of 6L indicates
if its operators are responsible for the E1 or M1 transitions. In the weakly-coupled regime,
the Wilson coefficients of the theory (potentials) are purely perturbative quantities. In
the case of the singlet potential its explicit expressions are listed in Eqgs. —
of Chapter If we are interested in the physics of states that lie in the upper half of
Fig. strongly-coupled states, the Lagrangian of pNRQCD reduces to

ﬁpNRQCD = ﬁQQ(S) + AﬁEl,Ml(S, E°™, Bem)7 (6,2)

i.e., it includes the singlet field and the EM operators corresponding to ultrasoft photons,
E™ and B®™. The potentials are now non-perturbative quantities, whose expressions
in the EST we calculated in Chapter [ In our evaluation of the E1 decay rates, we
will assume that all initial states are strongly-coupled. From Fig. we see that the
lowest E1 decay is characterized in terms of quantum numbers as 1P — 157 in char-
monium or bottomonium. Our assumption about the nature of the initial state implies
that we are considering 1P to be a strongly-coupled state, that is, we assume that the
QQ potential for the 1P bottomonium state receives seizable non-perturbative contribu-
tioneﬂ An alternative approach would be to consider the state 1P as weakly-coupled;
in this case the relevant Lagrangian is given by Eq. with a purely perturbative
QQ potential. It turns out that if one follows the later approach, the O(v?) relativistic
corrections to the leading E1 decay rate develop non-perturbative contributions originat-

!The typical radius of the 1P charmonium state is large enough to be considered strongly-coupled.
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Figure 6.2: Kinematics of the H — H’y decay. Momenta given in the center-of-mass
frame. In the language of pNRQCD, the states H and H' correspond to singlet fields
and v corresponds to an ultrasoft photon.

ing from the presence of the octet field in the Lagrangian [21]. An evaluation of these
contributions requires some assumption about the non-perturbative regime of QCD. In
our evaluation, we will assume that all non-perturbative contributions to the decay rates
are parametrized by the long-range potential that we calculated in the EST, and that
the Lagrangian required to describe the decay is given by Eq. .

Considering now the upper part of Fig. wee see that an equivalent scenario arises
in the non-perturbative regime, namely, a transition among strongly-coupled states, like
3P — 35, may be studied considering a purely non-perturbative potential. Here we
are taking a hybrid approach, in which the potential receives contributions from both
regimes. We assume that lower and higher states are eigenstates of the same Hamil-
tonian whose potential we have constructed in Chapter [5} One could think of a more
elaborate approach, in which higher states are eigenstates of a purely non-perturbative
potential and lower states eigenstates of a purely perturbative one. Such an approach
would change the explicit formulas for the relativistic corrections to the rates that we
will present in the following sections and, very likely, complicate the calculation of decay
rates of transitions such as 3P — 15. Nevertheless, it would be interesting to see the
results of such a study.

In the following we will assume that the Lagrangian describing all the E1 transitions is
given by Eq. and that the sum of the EST and perturbative potentials, Eqgs. (5.1))
and respectively, with each of the power countings of Chapter |5, describe the physics
of all the quarkonium states involved in the transitions.

Let us conclude this section with some words about threshold effects. We have said al-
ready that we will only evaluate transitions among states that lie below their respective
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open-flavor thresholds. If one wants to evaluate decay rates in which the initial state lies
above threshold, the coupling of quarkonium states to B mesons for bottomonium and
to D mesons for charmonium should be incorporated in the Lagrangian. For transitions
in which the initial state is below but close to threshold, for instance, transitions with an
initial state 3P in bottomonium, the contributions of these mesons in loops may become
important. These effects have been left out of the study performed in [2I] and they will
not be considered here. We can think of these effects as an additional source of uncer-
tainty that we will assume is small enough to be absorbed in the uncertainty coming
from other sources that we will do consider.

6.1.2 The relativistic O(v?) corrections to the E1 decay rate

The results we present in this section profit from two of the main features of pNRQCD.
The first one is that the theory allows a quantum-mechanical description of quarkonium
physics that is fully equivalent to QCD when studying the same energy scale. The
second one is that the relativistic corrections to some observable can be incorporated
systematically as an expansion in powers of the quark-antiquark relative velocity v once
the power counting of the relevant Lagrangian operators has been established. In the
case of the E1 transitions, the relativistic O(v?) corrections to the decay rates have been
calculated using pNRQCD explicitly in [21]; in this section we present the main results
of that paper, whose notation we follow closely.

The general formula for the decay rates is given by

Py d% 1 1 20, \dsd
F / N YN S A ! 2 P B _P '
H—H'y / (27T)3 (27r)3 2k Ny AV | HHH’Y| ( Tr) ’ ( ek H)
N SR /dkk/dQ(f{)a(k—k)lz\A 2, (6.3)
- 82 My N AN o R

where Py, Pys, k are the 4-momenta of the initial state, final state and photon respec-
tively, A and )\ are the polarization of initial and final state, o is the photon polarization,
M is the initial quarkonium state mass and k- is the photon energy that, following the
kinematics of Fig. [6.2] is given by

M2 o M2
k,=|k| = £ —H" 6.4
= | = —E (6.4)
The amplitude Ag_, . is defined through
Apssy = ~(H'® X 0)| [ ERIED + 5L} HP) (65)

where Eg,)i is the leading operator relevant for the E1 decays in the pNRQCD Lagrangian
and dLp; accounts for higher order operators. The quarkonium state |H) may include
corrections due to relativistic corrections to the Q@) potential, explicitly

|H) = |H)O + | H)D (6.6)
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where |H)(© is the LO quarkonium state given by

|H(P, ) = /d3R/d P RTr ¢H(A St(r, R)|US>} (6.7)

with S being the singlet operator and |US) the vacuum that only contains ultrasoft

gluons and photons. The wavefunctions gZ)(HO) are obtained from solving the Schrédinger
equation using the leading order Q@) potential, i.e.,

2
<21 + VLO> O = Ege, (6.8)

The LO decay rate FIfI%H'»y is obtained considering just the LO state \H>(0) and the LO
operator Eg given b

LY = eeq / d3rTr{ST r-EemS}. (6.9)

where e is the electron charge, eg is the fractional quark electric charge, r is the quark-
antiquark separation vector and E™ is the electric field operator.

In order to get the LO decay rate we recall the canonical equal-time commutation relation
for the singlet field given in Chapter

S50, R), S[(7, RN = 00346 (x = )5 (R~ RY), (6.10)

where (1, ), (k,l) are the spin indices, R is the coordinate of the center of mass of the
quark-antiquark system, together with the following relations

(v(k,0)|E**(R)|0) = —ike*(a)e_ik'R, (6.11)
(HP M HP,N)) = ©2m)36C) (@ — P, (6.12)

where €(o) is the photon polarization vector. The first relation is obtained from the
usual Lorenz-invariant normalization of the photon field and the second one is the non-
relativistic normalization of the quarkonium states. In this last relation also the nor-
malization of qﬁgz)\) is implicit. The angular parts of gzﬁg)(/\) for L = 0,1,2 have been
calculated in Refs. [21, B0, 82, [83], to which we refer for explicit expressions. Using
Egs. (6.3)-(6.12) the LO decay rates of the transitions we will evaluate read [21]

LO LO (0)
r n3Py—n’ 351y r nlPi—n/1Sgy = an” (613)
2J+1
LO _ (0)
Lssiowspy = —3 Lo (6.14)
LO (0)
F 15()—”1’ 1P1'y Srnnm (615)

2Here we use the fact that the Wilson coefficient associated with this operator is found to be equal
to 1, for details see [21].
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where

() =

O =

aemeékifg(nl,n/0)2, (6.16)

Qe 18 the fine structure constant and the integrals Iy are defined as

[e'%) dk
1P (L, n'L) = / dreN Ry (r) - R (1), (6.17)

where R,,; corresponds to the radial part of the wavefunction ¢y (r).

The relativistic corrections to the LO decay rate come from considering higher order
operators in the pNRQCD Lagrangian, i.e., the term 6Lp; in Eq. (6.5), and from the
inclusion of the relativistic corrections to the Q@ potential, i.e., from considering the

state corrections |H >(2) in Eq. . For convenience, let us separate these corrections
a

FII\?fH"y = FII-‘IO~>HW(1 + RH%H"y + 6FH%H/’V)a (618)
where Ry _,p, accounts for the higher order corrections to the quarkonium state and
O i m accounts for the contributions due to higher order pNRQCD operators. The
explicit expression of Ry _,p, is given in the next section. The corrections 0I'y_p/,,
have been calculated in [2I] considering the following operators in 0L g

6Lp1 = / d3 Tr {214V(N)2T'EST r-[(r-V)%eeqE™]S

1

+ —VVxBIGHY. ¢ x eegB™} S

4m
+ ﬁvvr'“X(N)B)ST{VT-, rx [(r- V)eegB™]}S (6.19)
1
+ %V(N)"B[ST, o] [(r- V)eegB™]S
- ﬁvawwﬂ[sta]  (eegE™ x VT)S}

2. . . . . .
where VOV)'rE yV(rxB) Ve (rx(V)B) 1/ (rV)e B yo(EXVr) are the Wilson coeffi-
cients associated with their respective operators, V acts on the center of mass coordinate

3 Although, due to the presence of potential corrections that may scale as v in the velocity counting,
Eq. may correspond to a LO+NLO+NNLO decay rate, in order to keep the notation simple we
will refer to the decay rate that includes the full Ry, g/, and 0I'g_, /-, corrections simply as FgL_?HW.
We will never consider decay rates that scale just as v, so it shall be clear that when we refer to the NLO
rates we are referring to the expression of Eq. , and that when we refer to NLO amplitudes (see
below) or NLO potential corrections we are referring to terms that scale as v in the case of Counting 1
and 3, or as 1/m in the case of Counting 2. It was established in [21] that the first corrections to the
decay rates due to higher order operators in the pNRQCD Lagrangian, 6I'y_, g, are of order v?, so
Eq. accounts for the NLO corrections to the LO decay rate before establishing what is the size
(or the shape) of the term Rp_, g, hence the motivation for our notation.
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R and V, acts on r. These terms are all the v2-suppressed operators with respect to
E(O) if one considers the followin ti
7 g power counting

m m 2
E™ B ~ k2. (6.20)

The Wilson coefficients were calculated matching pNRQCD with NRQCD in [21], they
read

Y EV)?PrE _ 3 V-(rxB) _ Ve (rx(rV)B)  _ 1, (6.21)
y(V)eB am (6.22)
Vo (BEXVr) < (6.23)

where ¢" and cg" are Wilson coefficients of NRQCD (see Eq. (2.22))), their explicit
expressions at order ag read [37, [39]

m = 1+CF;—;, (6.24)
gt = 25" - 1L (6.25)

The values of the Wilson coefficients in Eqgs. — are found to be valid at all
orders in ag.

Once we are provided with the Wilson coefficients, the corrections 0I'y_, g, can be
computed by first inserting §Lp1 in Eq. , setting |H) = |H)® and then putting
the resulting amplitudes into the formula of the decay rates in Eq. . The final
expressions for these corrections are [21]

k2 Is(nl, n'0)  ky

5F 3 /3 — — <
noPyon W1y 60 I3(nl,n/0)  6m
JI+1) 1 L (n1,n'0) + 20 (n1,00) Kk,
2 m? I3(n1,n'0) 2m |’
(6.26)
k. k2 5 Is(n1,n'0)
(Sl—‘n 1P1—>1’L’ 150,7/ = —ﬁ 0 [3(n1 n/()) (627)
6Fn 38, n/ 3Py = 5Fn 3P;—n’ 38, (kn/ — —]{77, n — n’, n — "I’L), (628)
5Fn ISo—n/ 1Py = M‘n 1Py —sp! 150(k7 — —k/y, n — TL,, n — n) (629)

Notice that so far the formula of the decay rates and its relativistic corrections is com-
pletely model-independent, it only depends on the power counting assumed for the
PNRQCD operators, however, in order to evaluate the rates, a definite expression of
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the QQ potential becomes necessary. The choice of the potential defines the explicit
shape of Rpy_,p, and the numerical values of FI;I(LH,,Y and 6I'g_,pr~. Here we will
adopt the full-range potential presented in the previous chapter, yet, it is important to
recall that this choice is far from unique. We will discuss a little more about alternative
evaluations of the decay rates in Chapter

About the M1 transitions

In the case of the radiative M1 transitions, in Ref. [80] all the Wilson coefficients of the
relevant pPNRQCD operators have been obtained up to order 1/m?. When considering
weakly-coupled quarkonia, these operators fully determine the O(v?) relativistic correc-
tions to the M1 decay rates. Moreover, it turns out that for weakly-coupled quarkonia,
there are no non-perturbative contributions to the decay rates. As a consequence of this,
in contrast to the E1 case, the evaluation of M1 transitions among lower states (e.g.
J/1 — ne7y) can be performed in a fully perturbative manner. Such an analysis has been
performed in [81], their results agree with the available experimental data.

For strongly-coupled quarkonia one should also consider the contribution of an 1/m? op-
erator in order to obtain the full O(v?) corrections to the rate. The value of the Wilson
coefficient associated with this operator is still missing.

For more details about the study of M1 transitions within a pNRQCD framework we
refer the reader to [80] and [81]; for the rest of this section we will focus only on the E1
transitions.

6.1.3 Relativistic corrections to the quarkonium state

In this section we give the explicit expression of Ry_, g~ in Eq. (6.18) that follows from
adopting the potential of Chapter [f] Before we start, it will be convenient to introduce
some notation; for a given amplitude or sum of amplitudes A we define A as

A

A= ——— (6.30)
(0) ’
Ap oy
where AgL Hiny is the LO amplitude defined as
0 0
A = Oy / ERLD YO, (6.31)

with the LO quarkonium states as in Eq. . Considering the factorization of Eq. (6.18)),
up to second order corrections to the initial and final quarkonium states, Ry, - is given
by

Ry_yy =2Ag, + By, (6.32)

66



where Ap, is given by

Ap = _(0)<H/,y’/d3R£gl)|H>(1) _(1)<H’7|/d3R,Cg)1)‘H>(O)

= O [ aReQm® -~ ) [ Prel)m©
— OH| / d*RLY | H)WD. (6.33)

The terms |H)(M, |H)® and their final state equivalents are the relativistic corrections
to the quarkonium state defined through Eq. . Notice that since Ry_,p, depends
on these corrections and, therefore, on the shape of the NLO and NNLO corrections
to the leading Q@ potential, Ry _, H'~ 18 a counting-depending quantity. This is made
explicit by the inclusion of the index ¢ in Ar, and Bp,; later we will label ¢ = 1,2 or 3
to distinguish between the three power countings we considered in Chapter [5| The term
Bp, includes the terms of Ar_ that scale as the NLO potential, i.e., terms that have only
one state correction of first order calculated from VNFO. This term would cancel in the
case when the relativistic corrections to the potential have a homogeneous size, i.e. there
is no distinction between NLO and NNLO contributions.

The first order correction to the state, |[H)(1), is given by

W= 3 O R [ @Te(st o) 1H @)
|H(P)) H%:H (H (P)|/dR/d Tr{ST6hS} H(P)) PO 50 (6.34)

H/

where
Sh = VNEO 4 NREO, (6.35)

The second order correction, |[H)?, is given by
H(P)® =
S Y (o OYH| [ d*Rd¥>Tr{STVNLOSY H)O O(H| [ d*Rd% Tr{STVNO S} H)(©)
(0) 0)y( (0 (0)
H#H H4H (B =B )(Ey = By)
0 OH| [ ERAYTE(STVNIOS) H)® O | [ R Te (SN0} )
- 200 2002
Lo 3 O)H| [ d®Rd%> Tr{STVNLOSY} H) O O 7| [ d®Rd*% Tr{STVNLOSY H)(©)
; .

(Ej(r?) _ Eg))Z

H#H
(6.36)

The expressions for |[H)1) and |H)®) are obtained using quantum mechanical perturba-
tion theory to account for the relativistic corrections to the LO potential.
Explicitly, the term Bpg, is then given by

B, =) (') / FREOMD 1 O gty / FRLY|H)O), (6.37)
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where |H > 1l 18 the first order state correction originated from the VNLO potential, that
is, it is obtained by replacing dh just with VNFO in Eq.

With the previous definitions, the nominal size of RHﬁ H'~ 18 the same as the NNLO
corrections to the potential, which in the case of the Counting 1 and 3 implies that
Ry g~ nominally scales as v?; the numerical realization of this scaling is studied in
Chapter [§

The calculation of the explicit expressions for Ar, and Bp,, and therefore Ry_ gy, is
lengthy but straightforward. For a given counting, one starts by solving the Schrédinger
equation (Eq. ) for the LO potential for the initial and final states, this calculation

determines the energy eigenvalues E}?) and E(O,) and the expressions for |H >(0) and
|H’>(0) Using these results and the expressions for the NLO and NNLO potentials in
the considered counting, the expressions for \H (Eq. - |H) (2) (Eq. - ) and
the corresponding final state equivalents can be determined in terms of a perturbative
sum. What follows is to insert these expressions together with E (Eq. . into the
formulas for Ar, (Eq. - ) and Bg, (Eq. - Then using the canonical equal-time
commutation relation given in Eq. (6.10) together with Egs. (6.11)) and (6.12)), one is left
with the final expressions for Ar, and Bpg, in terms of a sum of amplitudes, each of them
written as an infinite perturbative sum, which in turn originates from one of the terms
of the NLO and NNLO potentials.

Before giving Ar, and Bpg, in each counting, it is convenient to introduce some notation.
Let us label the amplitudes on which Agr, and Bpg, depend as Af;, where the index P
(potential) labels the term of the NLO or NNLO potential from which the amplitude
originatesﬁ and the index S (sequence) denotes if the amplitude corresponds to an initial
(S =1), final (S = f) or initial and final (S = i f) state correction. In the case of second
order corrections, we use the notation P = (2), ¢ where (2) denotes that the amplitude
originates from a second order correction and ¢ = 1, 2, 3 indicates which counting is being
adopted. The exact expressions for all the A?D amplitudes will follow shortly, first we list
the expressions for Ar, and Bpg, in each of the countings.

Adopting Counting 1 for bottomonium and charmonium decays, we get

A _ At Af i 1f af
Ap, = Ap+ AL+ Al vEsT + Avg% + A vpert. + AV(% ) + A , T Avp2
+ AZ pert + AvEST + AV + A pert + AvEST + AV + A + A“I;SQ
1 f 1if
+ VS + AVS1 + A + AV( ) + A(Q) 1+ A(Q)’1 + A(Z)J, (6.38)
B = A Al . .
mo= v A (6:39)

4In the case of amplitudes originating from the kinetic correction proportional to p*, we use P = p*.
For the other amplitudes, we follow the notation introduced in Sec. except in the case when P = V)2
and P = Vs, in which case it should be understood that the amplitude is coming from the sum of the
perturbative and EST potentials, i.e., from V;2 = VLp;rt +VET and Vis = VP + VEST respectively.
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Adopting Counting 2 also for both flavors, we have
i _ i af Ai 1/ At af Ai af
A = At Byt A v, A v A A
. . f . . iy . _
+ Ai/Lp;rt. + A;I]/EQST + AVL2 + A;Lpgrt. + A;ESST + Ay, + A@SQ + AVS2

1 af Ai af Ai af Tif
T Vsis T AVSlz T AV5(T> T AV&(T) + A(2)72 + A(2)’2 T A(2)72

+ A + A e 6.40
vest, FAyeer (6.40)

Bp. = A Af Al o+ AT 6.41
Re visn, T Avgse  Aype Ay (6.41)

For Counting 3 in the case of bottomonium decays Ar and Bp are given by Egs. (6.38))
and (6.39) respectively. For charmonium decays, we have

AR = A Al A, AL, A+ Al + A + AT

Vcou. (1/m) ‘/(l/m)
_. _f — —f _’Lf
+ Aypgr + Ay Ay st A 3 T A, (6.42)
— har _. _ _. _
Bg%ga "= sz(lﬁgm) * A{/(?%Z) * A%/COHL + A{/ccmlf (6'43)

The explicit expression of each qug amplitude will be given in terms of the integrals Iy
defined in Eq. (6.17) together with the following definitions:

o0
ILog (nLv n/L/) = / dr yp s (r)ynL (T) hl(ﬂ?“), (6'44)
0
o0
I (nL,n'L) = / dr g1 (r)yn (r) V2O ()Y, (6.45)
0
where y,;, are the reduced radial wavefunctions obtained after solving the Schrédinger
equation for the LO potential, i.e., Ry1(r) = ynr(r)/r. In the following we will drop the
index (0) of the LO eigenvalues; it should be understood that in each counting the eigen-

values FE,j are obtained after solving the Schodinger equation with the corresponding
LO potential.
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Considering n25t1P; — n/25%1S; decays for the momentum-dependent amplitudes, we

get

I, — 1 —(Bn1 + Em1) I} (n1,ml) + IZ(n1,ml) I3(m1,n/0)
p dm mn Enl - Eml I3 (77,1, n’O) ’

i b —(Emo + Eno) I (m0,n'0) + I (m0,n'0) I3(nl, mO0)
p* 4m E, 0 — Emo I3(n1,n/0)’

m#£n/

s Cra (Epi + Emi)I(nl,ml) + 2Cralp(nl,ml) I3(ml,n’0)
Vi2 T T g g;n Epi — Em I;(nl,n'0)’

A(, __Cpa Z (Eno + Emo)I1(m0,n'0) + 2Cpaly(m0,n’0) I3(nl, mO)‘

p2 2m v En’O — EmO 13 (nl, TLIO)

For S = 0 all the spin-dependent amplitudes cancel. For § = 1, we get

. ~ 3Cra {J(J—l— 1 2] Z I_1(nl,m1l) I3(m1,n/0)

Vist T 2m? 2 = B — B I3(n1,00)
. k [J(J+1 I (n1,m1) I3(m1,n/0
R = [JUE) ) 5~ ) ly(m1,0)

LS 2m 2 mn Enl - Eml Ig(nl, n O)
Al
AVLS =0,

A%/SQ =0,
=f _ QCFCL Z Rn/g(O)Rmo(O) Ig(nl,mO)
Vsz  3m?2 Epo— Emo  I3(nl,n/0)’
m#n/

— Cra I_1(n1,m1) I3(m1,n'0)
Ay, =——— J

Vsiz 2m? 512( ) Z Enl - Eml Ig(?’Ll,TL/O) ’

m#n

- Cra I_1(m2,n'0) Is(n1,m2)
Al =Ry (T d ’

V512 2m? SIQ( ) Z En’O — Em2 Ig(nl,n’O)’

m#n/—2

where Fg,,(0) =2, Fg,,(1) = —1, Fg,,(2) = 1/5.
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For the momentum-independent, spin-independent, amplitudes we obtain

I (nl,m1) Is(m1,n'0)
: = — 6.57
Voour, CFQW%; Eni — Ema I3(nl,n/0)’ (6.57)
- I (m0, n’O ) I3(nl, m0)
Al - _ 6.58
Veoul. C g/ ,0 — E0 Ig(nl n’()) ( )
m
= 2k I1og(nl,ml) I3(m1,n'0) (6.59)
Viim — mm = Eni — Epm I3(nl,n/0)’ ’
CrCaa® Io(nl,m1) Is(ml,n'0

iy, = - CrCac 5 Dl ml) Tbmd, n0) (6.60)
(1/m) 2m mtn Enl — Em1 Ig(’rll, n 0)

- 2 I '0) I3(nl

Ay = Logm0, w0) Ly (v ’Wfo), (6.61)
(jm  mm Eng— Eno I3(nl,n0)

CrCpa? Io(m0,n’0) I3(nl,m0
A = Al 0(m0,n'0) Iy(n i ), (6.62)
Vi m) 2m ) Eno — Eno IS(”L" 0)

. 9(3k? Is(n1,m1) Is(m1,n'0)

I _ 6.63
(??,:2) 273m?2 Z E nl — m1 Ig(nl n’O) ( )
Vs = 05 (6.64)

/ I3(nl

il CFCQL Ry0(0) Rno(0) I3(n ,mIO)’ (6.65)
Vo) 4dm ot E,o— Eno Ig(nl, n 0)

- 9(3K> I3(m0,7n'0) I3(n1,m0)

Af = ’ Rl 6.66

Viim?) 2m3m? ot E.vo — Emo I3(nl,n/0) (6.66)
— C I 1(nl,ml) I 1,70
! pert. — ra 1(”’ mn ) 3(m ik ), (667)
Vi m2 = E.1 — Epn1 I3(nl,n'0)

— Ii(n1,m1) Is(m1,n'0)

Al = 6.68
VT 3m2 Z Eni — Epy I3(nl,n/0)’ ( )
af

af,, =o. (6.69)
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For the second order corrections due to the NLO potential, we obtain

- Z Z INMO(m1 ml)IyLo(ﬁll,nl) I3(m1,n'0)
nl - )(Enl - thl) -[3(”17 n/O)

#n m#n
Ié\ILO(nl, n1)INYO (m1,nl) I3(m1,n’0)
(En1 — Ep)? I3(n1,n'0)

m#n
1 T INEO (n1,m1)INMO (11, nl)
2 (En1 — Emn)? ’

m#n

(6.70)

Af _ Z Z INLO mo mo)INLO(ﬁ’ZO n/o) Ig(nl,ﬁzO)

(2),0 n /0 — mo)( n'0 — ) I3(n17 n/O)
I(I:\ILO( /O n/o)INLO(mO n ) 3(n17m0)
(Ewo — Eino)? I3(n1,n'0)

Th#n
INEO (!0, 110) INE© (1720, n/0)
(Eno — Emo)? ’

1
2 4
#n
(6.71)

INLO ! INLO 1.n1) I 1
If Z Z 0 mO) (m1,nl) Is(m1,m0)

72
@) Ewo— Eno) Bt — Bmo) B(nLwo)’ &7

Mm#n m#n

NLO
Ic

where, for Counting ¢, the integrals are given by

2
NOGL L) = iILog(nL, n'L), (6.73)
mm

2K CrCaa?
NLO FUA
I (nL, n/L/) = %ILOQ(TLL L ) T

DNOML L) = 25p (L' L) = Cpaly(nLon'L)). (6.75)
mm

Io(nL,n'L"), (6.74)

In the case of the n29t15; — n’ QS‘HP’ transitions (n > n’) the amplitudes correspond
to Egs. - with n < n/, Wthh is equivalent to exchanging A* <+ A7.

The results of the evaluation of 5F H—H'~ and Ry _, -, and therefore the decay rates, are
presented in Chapter [8] Details about the numerical evaluation of the relevant formulas
are given in Chapter

6.2 Experimental results overview

The experimental landscape of the quarkonium radiative decays has changed dramatically
in recent years and it has the prospect to experience further change in the near future.
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Experiments like BES, BELLE, BaBar and CLEO have improved the available data in
many of the radiative decays, measuring some of them for the first time. Regarding the
E1 decays, among the most important results we have:

e The first observation of the h.(1P) — 1.(15)y decay reported by the BESIII ex-
periment in [84].

e The first observation of the equivalent bottomonium decay, hy(1P) — n(15)7,
reported by the BaBar and BELLE collaborations in [85] and [86] respectively.

e The improved measurements of some of the xp;(nP) — Yv(mS) decays reported
by the BaBar collaboration in [87].

e The first observation of the x;7(3P) — Y(3S5)y decay reported by LHCb in [8§].

e The measurement of the charmonium J/v,¥(25) — x.(15)y decay branching
ratios reported by BELLE in [89].

e A recent improvement in the measurement of the hy(1P) — n(1S)y branching
ratio reported by BELLE in [90].

Also we can add to this list the recent estimation of the upper limit for the total width
of the xp0(1P) state reported by BELLE in [91]. This result is not strictly related to the
E1 decay, however, combining our result for the xp0(1P) — Y(1S5)v decay rate and the
experimental value of the corresponding branching fraction (see next section), we will
be able to estimate the total width of the initial state; the results of this evaluation are
given in Chapter [0

Regarding the M1 decays, the list may be extended by:

e The first observation of the Y(25) — 1,(1S5)~y decay made by BaBar [92]
e The first observation of the Y(35) — 1,(1S)~y decay made by CLEO [93].

e The measurement of the upper limits of the ¥ (3770) — n.(15,2S) branching ratio,
which has been reported by BESIII in [94].

Other radiative decays of charmonium have been recently reported by BESIII in [95].
To these experimental results we may add lattice studies of the M1 J/¢ — n.(1S5)~,
Ne(2S) — J/vy and E1 he(1P) — 1.(15)v decays carried out in [96] and [97] and of the
M1 Y(2S) — m(15)7y decay performed in [98]. New developments in the evaluation of
charmonium radiative transitions on the lattice have been recently reported in [99].

In what is left of this section, we proceed to give the relevant experimental values of the
E1 decays that we will use to compare our final results later in Chapter [0}
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6.2.1 E1 decays in the PDG

Since many of the experimental results for the radiative transitions have been incorpo-
rated into the PDG averages [78|, we will use the PDG as our main source of experimental
data. In Tables and [6.2] we show values quoted in the (by the time of writing) latest
PDG report for the E1 branching ratios of bottomonium and charmonium decays respec-
tively. When available, we also quote the PDG value for the total width of the initial
state.

In Table we display the PDG averages of the total width of the n,(2S) and 7.(2S5)
states. In Chapter [9] we will use these values to estimate the branching ratios of the
M(2S) — hy(1P) and n.(2S) — h.(1P) decays.

Transition I'y Paomy/TH
hp(LP) — np(15)y NA 0.49700%
hy(2P) — n(19)y NA 0.22 +0.05
hy(2P) — 1m,(25)y NA 0.48 £0.13
xoo(1P) — T(1S)y NA (1.76 £ 0.35)%
xo1(1P) — Y(15)y NA 0.339 4 0.022
X2 (1P) — YT (1S)y NA 0.191 £ 0.012
xs0(2P) — T(18)y NA (946) x 1073
Xp1(2P) — Y(1S)y NA (9.2 £0.8)%
Xi2(2P) = T(18)y NA (7.0+0.1)%
Xp0(2P) — Y(25)y NA (4.6 £2.1)%
xo1(2P) — T (2S)y NA 0.199 4 0.019
x62(2P) — T (2S)y NA 0.106 4 0.026
Y(25) — xp0(1P)y | 31.98 + 2.63 [keV] (3.8+0.4)%
Y(25) — xp1(1P)y | 31.98 + 2.63 [keV] (6.9+0.4)%
Y(2S) — xp2(1P)y | 31.98 £2.63 [keV] | (7.15+£0.35)%
Y(35) — xp0(1P)y | 20.32 £ 1.85[keV] | (2.7 +0.4) x 1073
Y(3S) — xp1(1P)y | 20.32 £ 1.85[keV] | (9£5) x 1074
Y(3S) — xp2(1P)y | 20.32 £ 1.85keV] | (9.9 £ 1.3) x 1073
Y(3S) — xp0(2P)7 | 20.32 £ 1.85 [keV] (5.9 +0.6)%
Y(35) = xp1(2P)y | 20.32 £ 1.85[keV] |  0.126 +0.012
Y(359) = xp2(2P)y | 20.32 +£1.85[keV] |  0.131 +0.016

Table 6.1: Experimental data of bottomonium E1 decays available in the PDG [78]. The
total width of the initial state and the branching fraction of the corresponding decay are
labeled as I'y and 'y, g, /T respectively.
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Transition 'y FH—>H’7/FH

he(1P) = 1:(1S)y | 0.7+ 0.4 [MeV] 0.51 % 0.06
X0(1P) = J/ipy | 105+ 0.6 [MeV] | (1.27 £ 0.06) x 102
Xet(1P) — J/ipy | 0.84 % 0.04 [MeV] 0.339 + 0.012
Xe2(1P) = J/ipy | 1.93 £ 0.11 [MeV] 0.192 + 0.007

¥(28) = xo(1P)y | 298 +£8[keV] | (9.99+0.27) x 1072
¥(28) = xaa(1P)y | 298 £8[keV] | (9.55+0.31) x 1072
¥(25) = xe2(1P)y | 298 £ 8 [keV] (9.11 4+ 0.31) x 1072

Table 6.2: Experimental data of charmonium E1 decays available in the PDG [78], values

as in Table .

’ State ‘ 'y [MeV] (exp.) ‘
771,(25) < 24
7e(25) 113733

Table 6.3: PDG values for the total width of the bottomonium and charmonium 2S5 spin
singlets.

6.2.2 Other E1 experimental results

We close this chapter by presenting some of the experimental measurements of E1 decays
that have not been incorporated (by the time of writing) to the PDG. The BaBar El
results reported in [87] are presented in Tables - as they were presented in that
paper, that is, separating the values of the branching fractions obtained from the study
of different decay chains. In Table we show the result for the h. — 7.y branching
fraction recently reported by the BELLE experiment [90].

| Transition | Trry/Th (exp.) |
xp0(1P) — Y(1S)y | 0.0206 £ 0.0032
Xo(1P) = T(1S)y | 0.367 £0.024
Xeo(1P) = T(1S)y | 0.187 £0.011
T(25) = xwo(1P)y | 0.046 £ 0.010
T(25) = xp1(1P)y | 0.075 = 0.0054
T(25) = xp2(1P)y | 0.0706 = 0.0051

Table 6.4: Branching fractions of E1 bottomonium decays obtained by BaBar from the
analysis of the 25 — 1P — 15 decay chain, for details see [87].
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‘ Transition ‘ Timy/TH (exp.) ‘
Xw(2P) — T(25)7 | 0.0131 £ 0.003
Xo1(2P) = T(28)y | 0.211 £0.025
X02(2P) = T(25)y | 0.09£0.017
)
)
)

T(3S) — xo0(2P)y | 0.046 = 0.017
Y(3S) — xo1(2P)y | 0.145 £ 0.022
Y(35) = x52(2P)y 0.12 + 0.02

Table 6.5: Branching fractions of E1 bottomonium decays obtained by BaBar from the
analysis of the 35 — 2P — 2S5 decay chain, for details see [87].

‘ Transition ‘ T /TH (exp.) ‘
Xw0(2P) — T(15)7 | 0.0037 = 0.0017
Xo1(2P) = T(1S)y | 0.1078 = 0.0094
X2(2P) = T(1S)y | 0.061 £ 0.0069
T(35) — xw(2P)y | 0.022 £ 0.016
T(3S) = xu(2P)y | 0.141£0.014
T(3S) = xw2(2P)y | 0.119+0.014

Table 6.6: Branching fractions of E1 bottomonium decays obtained by BaBar from the
analysis of the 35 — 2P — 15 decay chain, for details see []7].

‘ Transition ‘ Ti—my/TH (exp.) ‘
(1P, = 1Sy [ 056+0.09 |

Table 6.7: Branching fraction of the hy — 1,y decay reported by BELLE in [90].
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Chapter 7

Tools and methods for numerical
analysis

In this chapter we briefly review the tools and methods used in the numerical evaluations
presented in this thesis. We separate the tools between primary and custom. The first
ones are libraries with a focus on general applications, while the custom tools are the
collection of functions developed specifically for the fitting of the QQ potential parameters
(Chapter 5)) and the evaluation of the E1 decay rates. We close the chapter giving details
about the methods used to carry out the numerical evaluations.

7.1 Primary Tools

Python and IPython

Python [I00] is a general purpose high-level programing language, its design emphasizes
code readability meaning that, generally, code written to perform a given task can be
understood easier when written in Python than when written in other languages. Usually
this also means that one needs to write fewer lines of code to implement an equivalent
function. Since it is a high-level language, CPU-intensive tasks like numerical calculations
under-perform in Python when compared to lower-level languages like C or Fortran.
There are various approaches to overcome this problem, one of them is to use wrappers
to embed lower-level functions within Python Code[ﬂ

One of the popular applications of Python is as a scripting language, that is, for writing
files (scripts) that contain a set of function definitions and a list of commands that can
be executed later in a Python interpreter. Python can also be used within an interactive
environment called console, in which variables and functions can be defined and executed
on-the-fly, however, these definitions are lost once the console session is closed.

The interactive environment of the console is useful for quick evaluations or to test new
functions, whereas scripts are useful to store functions and instructions that need to be

LA popular alternative to the use of wrappers is Cython in which, as in lower-level languages, one
needs to define variable types, for more information about Cython see [101].
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called several times. An environment that mixes features of these two frameworks is the
notebook. The specific notebook environment we have used is called IPythonE] [102, 103];
it allows the execution of blocks of code in an interactive way as in the console, but
additionally, as the scripts, the notebook file can be stored for later execution.

In recent years Python has become one of the most popular scientific scripting languages;
the integration of IPython with libraries like NumPy and SciPy (see below) provides a
powerful and flexible alternative to commercial software like Mathematica, Matlab or
Maple.

NumPy

NumPy [104] is an extension to the Python language that adds support for the manipulation
of large multi-dimensional arrays and matrices, together with a large library of high-level
mathematical functions that can operate on these arrays. In our calculations we have
used NumPy extensively to compute and store the wavefunctions that result from solving
the Schrédinger equation numerically. For more info about NumPy, see [105].

SciPy and Matplotlib

SciPy [106] is an open source Python library that contains, among others, modules for
optimization, linear algebra, integration, interpolation, special functions and differential
equation solvers. The library is extensive, here we will just review the three functions to
which we will refer later:

e scipy.integrate.simps: this function takes as input an array of the type
[f(xi),- -, f(xy)] and returns the value of the integral f;f f(z)dz calculated using
the Simpson rule for numerical integration [107].

e scipy.optimize.fsolve: it returns the roots of the set of (non-linear) equations
defined by Fj(x) = 0 given a starting estimate. It corresponds to a wrapper of the
Fortran MINPACK hybrd [I08] and hybrj [109] routines, which are based on the
Powell method for the solution of non-linear systems [110].

e scipy.optimize.curve_fit: it uses non-linear least squares to fit a function to
data. Internally it corresponds to an implementation of the Levenberg-Marquardt
algorithm [I11]. From its output the standard deviation of the fitted parameters
can be calculated.

The source code of the implementation of these functions can be directly checked from
the SciPy website [106]. Together with these functions we have Matplotlib [112], that
is the plotting library of SciPy. It integrates seamlessly with NumPy and SciPy and it
can be integrated in IPython to generate and display plots within notebooks. All the
plots of this thesis have been generated using Matplotlib.

2Now known as the Jupyter notebook.
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SClib

As we mentioned, embedding code written in other languages is a common approach to
boost the speed of Python applications. Several alternatives exist to achieve this, such
as, CFFI [113|, SWIG [114], weave [115], and the aforementioned Cython, among others.
In our evaluations we used SClib [116], a wrapper originally developed for engineering
applications [I17]| but later extended to more general purposes. The aim of SClib is to
integrate C code into a Python environment minimizing the intervention of the code. It
works mapping Python data to C compatible data and provides a way to call functions
in shared libraries; a schematic explanation of the SC1ib workflow is shown in Fig.
More details and examples of the usage of SC1ib can be found in [I16], the source code
is available for download from [I18| and [119].

7.2 Custom tools

SChroe.py

There are plenty of scripts/programs that can numerically solve the Schrédinger equation
in different contexts. In the context of bound states, the Mathematica script presented in
[120] has been a popular choice for some time because it can be easily integrated with the
built-in Mathematica functions to manipulate the wavefunctions, however, for numeric-
intensive calculations this purely high-level approach presents a very poor performance.
In order to perform the calculations in which we need to numerically solve the Schrédinger
equation, we have ported the algorithmlﬂ of [120] to a Python script to which we will refer
as SChroe.py. The first approach we tried was to write a pure Python implementation
of the algorithm used in [I20]; this results in an almost one-to-one correspondence with
SChroe.py with the main difference being that, while in [120] the resulting wavefunctions
are Mathematica interpolating functions, in SChroe.py these are discrete NumPy arrays,
so we can profit from the NumPy and SciPy libraries to manipulate them. Even though
Python is also a high-level language like Mathematica, this simpler approach results in a
4X speed-up. The reason is that Mathematica loops, on which the solution algorithm re-
lies, have a very poor performance. A better Mathematica implementation would require
to be written using the built-in Mathematica differential equation solvers, however, in
that case we would lose full control over the method, since we are unable to see how these
solvers are implemented. These short-comings, poor performance and loses of control,
motivate us to abandon the use of Mathematica altogether.

3This algorithm is known as the shooting method, we have outlined it in Appendix
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n | schroe.nb | SChroe.py | SChroe.py
[120] (Python) (SC1ib)

1 98.88 25.46 0.66

2 124.14 30.95 0.75

3 135.68 35.32 0.84

21 370.0 88.04 1.99

Table 7.1: Time in seconds taken to compute the eigenvalues and reduced wavefunctions
for the potential of Eq. . The column Python corresponds to the implementation
of the algorithm in Python without SClib. All the scripts were tested using the same
parameters in the same machine, a notebook with a 2.4 Ghz core i5 processor (dual core)

and 8 GB of RAM.

For the fitting of the parameters of the QQ potential presented in Chapter [5| it was nec-
essary to get even higher boosts in speed. We achieved this using SC1ib for porting our
Python implementation of the script specified in [120] to low-level C code but keeping the
Python interface. As in the pure Python implementation, in the C flavor of the script the
resulting wavefunctions are also NumPy arrays, so we can still profit from the functions of
the NumPy and SciPy libraries to manipulate them. The net speed-boost of the C version
of SChroe.py compared to its Mathematica counterpart is of more than two orders of
magnitude. A basic benchmark comparing the script of [120] with the two versions of
SChroe.py is shown in Table

As a form of summary, Fig. presents the full framework in which we have performed
the numerical analysis. It shows an example of the usage of the C flavor of SChroe.py
together with NumPy, SciPy and Matplotlib functions embedded within an IPython note-
book.

7.3 Methods

7.3.1 Parameter fitting

We already stated in Chapter [5] that the parameters obtained from considering the phe-
nomenology input come from solving four equations of the form

Mineo(n T 5 a, 5, m) — Moy (n T ) = 0, (7.1)

for four different quarkonium states n2t1L;, where Mipeo corresponds to

> lvNLO l 2
M(n2S+1LJ) _ 2mcb+E((l)) + (nl|VNLO(r)\nl> + Z ’<n ’ (r)\m >’
’ n E(O) - E 0)
m#n nl ml
+ <nljs\VNNLO(7‘)|nljs>, (7.2)
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ZJu pyter notebook_example Last Checkpoint: 14 minutes ago (unsaved changes) A
Fle Edt View Inset Cell Kemel  Help | Python2 O
+ % @ B A ¥ M B C  Code # @ | CelToolbar

Example notebook 1|

In [1]: run SChroe.py

t)
tential as Veff(r,1,a,t,m).
the integration step h = 0.0001

In [2]: $matplotlib inline

C ing ei and ei

In [3]: ELOW = -10. #upper limit of the eigenvalue search in Gev
EUP = 10. #lowe limit

In [4]: #parameters
AA = -0.13 # coupling AA = ~CF a
T = 0.2 # string tension
MM = 4.7  # bott mass

In [5]: enl0 = eigenvalueC(ELOW,EUP,0,0,AA,TT,MM)
y10 = wavefunctionC(enl0,0,AA, TT,MM)

In [6]: wEplot2([yl0],-1)

In [7]: round(wfint(wfpro2(y10,y10))-1.0,10) #checking orthonormality

out[7]: 0.0

Figure 7.1: The IPython notebook (now called Jupyter) running the SChroe.py script.

for each of the countings, and My, is a fixed value taken from the PDG report. From
a programing point of view, we see that for each probe set of parameters we need to
solve the Schrodinger equation for the VO potential and then evaluate Eq. with
the resulting eigenvalues and eigenfunctions.

In our implementation, in each call to Mipe, we use the functions of SChroe.py and
SClib to solve the Schrodinger equation and the other integrations in Eq. . In order
to speed up this evaluation, the sum of the second order correction is evaluated in parallel
at the C level using POSIX threads [I2I]. The system of equations is defined at
the Python level; this allows us to use the SciPy function fsolve to solve it. The initial
guesses for the parameters required by fsolve are a ~ 0.2, k ~ 0.2, my ~ 4.5 GeV, m, ~
1.2GeV. These values are motivated by the known values of their physical equivalents
determined by experiment, lattice and perturbative calculations. We do not impose a
special constraint on the parameters other than the coupling parameter a must satisfy
0 < a < 1. A simplified diagram of the workflow of a call to fsolve and the subsequent
call to Mipeo is shown in Fig. [7-3]

For speed and simplicity, we have fixed the number of terms of the sum in Mo to 20.
We have checked that the inclusion of further terms (up to 100) does not affect our final
results for the decay rates, although it may alter the value of the parameters beyond the
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Ej + const [GeV]
E, + const [GeV]

-1.0f-
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r [GeV] r[GeVY

Figure 7.2: Fitted curves from the data of the two lattice spacings showed in Fig.
We impose a cut-off on the data at r/r; = 2.5 which is equivalent to rpax. ~ 4 [GeV_l]
in physical units. The value of 7. is around 1 [Gerl] larger than the 1P charmonium
state, which is the larger system we are considering in the evaluation of the decay rates.

precision we have quoted in the tables of Chapter [5] and Appendix

For the lattice input we use the curve_fit function of SciPy to fix the parameters
a and & of the V() potential in Eq. . For the two data sets displayed in Fig.
the fitted curves are displayed in Fig. [7:2] The method to fix the masses was outlined
in Chapter [5] From the point of view of the numerical methods, it basically consists in
several calls to the fsolve function to solve Eq. in order to find the mass parameter.
For this purpose we have used a simplified version of the same method used in the fitting
with phenomenology input.

7.3.2 Evaluation of the amplitudes

The evaluation of the amplitudes in Eqgs. — together with the other NLO
corrections in Eqgs. - and the LO decay rates given in Egs. — has
been performed entirely in Python. The numerical integrations are carried out using
the aforementioned integrate.simps function. The evaluation of the sums can easily
be parallelized, so we can considerably speed up the calculation. Due to memory con-
straints we restrict the number of terms in the sums of all the amplitudes to 20. In the
case of the first order corrections, Egs. —, the effect of adding terms beyond
the twentieth leads to a variation of, at most, order 10™* in the value of each amplitude.
As we will see in the next chapter, this variation is at least two orders of magnitude
smaller than the other relativistic uncertainties we will consider in the decay rates.

In the case of the evaluation of the second order corrections in Egs. —, except
for two cases, they show mostly the same convergence behavior as the first order correc-
tions. The first exception is the evaluation of the 121{2)73 amplitude, Eq. , for which
the uncertainty originated from cutting the series (for m and m) at the twentieth term
is at most of order 1073, The other exception is the evaluation of the same correction
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adopting Counting 2, 121{2) where the effect of adding further terms may have an im-

)27
pact of, at most, order 1072 in the value of the correction. These slower convergences
originate from the presence of terms proportional to 1/r and 1/7? in the NLO potential
of Countings 3 and 2 respectively. Although these effects are larger than in the evalua-
tion of the first order corrections, we will see in the next chapter that they still may be

absorbed within other uncertainties.

[SClib]
read from
memory

@

python
function

[SClib]

callC @ Memory
functions
c |®

PIfunction(s) >

@A A A

A YV
#0|#1[#2] #...
CPU

Figure 7.3: Simplified workflow of the execution of a Python script using SClib to call C
functions: (1) C functions available in a .so file are called within a Python environment;
(2) the computing-intensive task is performed using low level C code; (3) the results
are stored in memory; (4) SClib allows these results to be read back into the Python
environment. In the case of the parameter fitting, the SciPy function fsolve calls a
definition of the system of equations , also implemented in Python, with some probe
parameters; in the first call these correspond to the initial guesses of the values. Then,
within the Python script, we call the C-defined M*®° function (Eq. ), which inter-
nally incorporates the Schrodinger equation solver (see Appendix . The perturbative
sum in M*™° can be parallelized, so on a machine with many cores the computation is
performed faster. The resulting values of M*"®° corresponding to the probe parameters
are written to memory, where they can be accessed by the fsolve function controlling
the solution algorithm.
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Chapter 8

Evaluation of the E1 decay I:
Method and partial results

Having spent most of the previous chapters introducing the framework of our evaluations,
in this chapter we present the numerical results of the computation of the E1 decay rates.
We also present the error assignment and a discussion of our results.

8.1 Evaluation method and error

Considering both fitting inputs, we evaluate the O(v?) E1 decay rates (Eq. (6.18)) using
the randomly-generated set of parameters described in Sec. the central value of each
decay rate corresponds to the mean of these values. We will also present results for the
leading order decay rates given in Egs. (6.13))-(6.15)).

To compute the photon energy, we evaluate Eq. using the central values of the PDG
masses (given in Appendix except in the case of transitions involving the bottomonium
33P; state (xp1(3P)), in which case we use the value reported by the LHCb experiment
(]

M

3Py = 10511.3 + 1.7 £ 2.5 [MeV]. (8.1)

For the error we consider a combination of the sensitivity to the change of parameters with
an estimation of the size of the neglected relativistic corrections (see below). Explicitly,
the uncertainty e assigned to each decay rate is given by

e= /e, + e, (8.2)

where in the case of the LO rates ep,, is given by the standard deviation of the sixteen
values obtained after the evaluation of Eqgs. (6.13])-(6.15) and €, is given by the mean

"While writing this thesis, the PDG online tables were updated including a value for the mass of the
Xb1(3P) state. The current value quoted in the PDG is 10512.3 £ 2.3 [MeV], which is calculated using
the values reported by the LHCb experiment in Refs. [88] and [122]. The difference of order 1073 [GeV]
between the value of Eq. and the current PDG average is negligible in the evaluation of the E1
decay rates.
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of the values obtained after computing
I' = ngH,7 x Kpo x v(a,k,m), (8.3)

where v(a, K, m) is the quark-antiquark relative velocity given by

1 1/2

v(a, k,m) = [m (Efj? - (nl|VLO|nl>)] . (8.4)
0
©)

The dependence on a,x and m must be understood as implicit in the eigenvalues E

and eigenfunctions |nl) = qﬁg)(r) that result from solving the Schrédinger equation 1@)
The constant K10 accounts for the non-parametric (no counting-dependent) coefficients
of the next relativistic correction; we expect this factor to scale naturally in order not
to break the counting of the relativistic expansion. The estimation of the relativistic
error comes from the fact that we know the parametric size of the leading amplitude
in Ry_sp~, which in the case of Countings 1 and 3 includes corrections that are v-
suppressed with respect to the LO. We proceed similarly for Counting 2, although in this
case the ordering of the potential is in powers of 1/m.

For what we call the NLO rates, €par is given by the standard deviation of the values
obtained after evaluating Eq. . In analogy to the LO case, €, is the mean of the
values obtained after computing

I =T, g, x Knvo x v(a, k,m)? (8.5)

for each random set.

The shape of I comes from considering the size of the next relativistic correction when
the relativistic expansion of the rates is factorized as in Eq. . From [21] we know
that the next relativistic correction to Eq. will be at least v3-suppressed with
respect to the leading orderﬂ For all the following evaluations we set K10 = Knr.o = 1.
Now we can check the justification given at the end of the previous chapter for truncating
the perturbative series of the amplitudes at twenty terms. The minimum value of v3 in
charmonium and bottomonium scale as]

v~ 0.1,
v ~ 0.01,

so a deviation of order 1072 in the amplitudes that contribute to Ry_, 1~ is still negligible
compared to the error coming from neglecting the O(v3) relativistic correction to the

decay rates. In the case of the (Counting 2) Aé) o, amplitude (Eq. (6.71))), where such

effects may reach order 1072, they are comparable to the relativistic uncertainty in the

’In [21] it was noticed that some of the (neglected) extra-suppressed operators of the pNRQCD
Lagrangian responsible for the E1 transitions were of relative order v>.

3These values depend on the counting/input combination; we have taken the minimum value for both
charmonium and bottomonium 1P states.
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case of bottomonium decays. For the evaluations using the phenomenology input, they
still may be neglected in the total uncertainty calculation, since in these evaluations the
relativistic uncertainty €., is always at least one order of magnitude smaller than the
uncertainty due to the change of the parameters €p,,. This scaling between €,¢ and €par
is not replicated in the evaluations performed using Counting 2 with lattice input, where
both uncertainties are comparable. In this case it may be necessary to either evaluate
the series for the A{Q)Q correction until it reaches the desired convergence or re-estimate
the relativistic error to account for the effect of the neglected terms, i.e. to consider a
value of Knr,0 larger than one. Later we will see that these changes will no be necessary,
since the evaluations using Counting 2 with lattice input will not contribute to our final
results for the decay rates.

8.2 Results

Restricted to transitions in which the initial state lies below threshold, we evaluate all the
decay rates for which we have experimental input for the initial and final state masses.
In Tables 8.1 and [8-3] we show the results for decay rates using the phenomenology input
for charmonium and bottomonium decays respectively, the analogous results using the
lattice input are shown in Tables [8:2] and [8:4 An expanded version of these tables,
where the energy of the photon and the individual contributions of €par and €, are also
displayed, can be found in Appendix [F]

Counting 1 Counting 2 Counting 3

Decay TLO [keV] R ST | INLO [keV] | TLO [keV] R ST | ITNLO [keV] | TLO [keV] R o | TNLO [keV]
1P, — 1Sy | 1066 + 564 | -0.56 | -0.112 | 363 283 | 1071 + 568 | -0.53 | -0.112 | 393 =254 | 1346 + 793 | -0.41 | -0.131 | 620 + 278
218y — 1Py | 0.13+£0.08 | -0.16 | 0.0003 | 0.11 +0.04 | 0.13 +0.08 | -0.17 | 0.0003 | 0.11 £ 0.04 | 0.05+0.03 | -0.33 | 0.014 | 0.03 + 0.01
13P) — 1351y | 237+£126 | -0.31 | -0273 [ 100£50 | 238+126 | -0.29 [ -0.275 | 106+46 | 299+176 | -0.41 | -0.314 [ 84+67
13P, — 1351y | 503 £266 | -0.39 | -0.155 | 235+ 111 505+ 268 | -0.36 | -0.156 | 247 £101 635+ 374 | -0.41 | -0.178 | 264 + 136
19P, — 1751y | 676 +358 | -0.38 | -0.028 | 408 + 136 679 £360 | -0.35 | -0.028 | 426 + 126 853 £503 | -0.41 | -0.037 | 473 +£175
239 —» 1°Ryy | 61+35 |-0.57 | -0.057 23+ 14 61+35 | -0.57 | -0.056 23+ 14 60+39 |-0.23|-0.013 45+ 17
235, — 1°Py 51 £29 -0.31 | 0.012 36 £ 10 51 £30 -0.31 | 0.013 36 £ 10 50 £ 33 -0.28 | 0.042 38+ 14
235 — 1°Pyy 35+20 -0.27 | -0.011 267 35+£20 -0.27 | -0.011 267 35+23 -0.38 | -0.039 20+ 10

Table 8.1: Summary of the evaluation of the charmonium decays using the phenomenol-
ogy input. The central values and their respective uncertainties were calculated as ex-
plained in Sec. @ For later reference we have included the average values of the Ry, /-
and 0I' i, g7, corrections; these values are calculated as the mean of the values obtained
with each of the sixteen random sets of parameters of each counting.
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Counting 1 Counting 2 Counting 3

Decay TO [keV] | R o |TNO [keV] [ TO [keV] | R | o [TVO[keV] | TXO [keV] | B | 6T | TNEO [keV]
1P — 11Syy | 904 +524 [-0.86[-0.108 | 30+183 | 881+496 | -0.82]-0.105] 65+162 | 1323 +£784 | -0.43 | -0.13 | 581 +£273
215y — 1Py | 0.14 £0.09 | -0.14 | -0.004 | 0.12 4 0.04 | 0.14 +0.09 | -0.14 | -0.004 | 0.12 +0.03 | 0.05 £ 0.03 | -0.34 | 0.014 | 0.03 & 0.01
1Py — 1351y | 201 £117 | -0.43 | -0.37 38 + 40 196+ 110 | -0.4 | -0.356 | 47+35 204 +174 [-043]-0315] 73+£62
13P; — 1381y | 427+247 | -0.56 | -0.201 | 102+ 84 416 +£234 | -0.52 | -0.194 | 118 +75 624+ 370 | -0.43 | -0.179 | 242+ 129
13Py — 1381y | 573+332 | -0.54 | 0.021 | 278 £ 111 | 559+314 | -0.5 | 0.019 | 288+ 101 | 839+497 | -0.43 | -0.036 | 450 + 175
2351 — 1°Pyy | 56 £35 -0.8 | -0.043 9+15 55+34 [-0.79 | -0.045 9+13 59+38 [-0.24 | -0.011 | 44+ 16
235) = 13Py | 47430 -0.4 | 0.02 29 + 12 46 + 29 -0.4 | 0.018 29+ 11 50+32 [-0.29 | 0.042 37+ 14
235, — 1°Pyy | 33+21 [-0.29]-0.015 22438 32+20 |-0.29 | -0.014 22438 34+22 [-0.39 | -0.039 19+9

Table 8.2: Summary of the evaluation of the
values computed as in Table [8.1}

charmonium decays using the lattice input,

Counting 1 Counting 2 Counting 3
Decay TO V] | R 5T | TNIO [kev] | T1O [keV] | R ST |[TVIO [keV] | TIO [keV] | R ST | TNLO [keV]

1P, - 1Sy | 78+26 | -0.46 | -0.034 44 +29 79+24 [-0.42[ -0.035 46 + 25 64+20 [-0.65] -0.032 24 + 24
21, — 115y 10+4 0.5 0.132 1746 10+4 0.68 | 0.131 19+7 11+4 0.64 | 0.082 18+ 6
21P, — 215y 2849 -0.45 | -0.024 16+9 29+9 [ -0.41 [ -0.025 17+8 24+8 -0.63 | -0.023 9438
215y — 1Py | 0.07+£0.03 | 0.02 | -0.001 | 0.07+0.02 | 0.07£0.03 | 0.01 | -0.001 | 0.07+0.02 | 0.07£0.03 | 0.04 | -0.002 | 0.08 +0.03
13Py — 1351y | 40+13 | -0.24 | -0.051 30+ 12 41+13 [-0.21| -0.05 31+ 10 33+10 |[-0.33| -0.07 2149
19P — 1351y | 51+£17 | -0.28 | -0.037 36+ 16 51+16 |-0.26 | -0.037 37T+13 42+13 [ -0.39 | -0.046 25+ 12
13Py — 13517 58 +19 -0.28 | -0.022 42417 58 +18 | -0.26 | -0.022 43+ 15 47+ 15 -04 | -0.01 30+13
23y — 13917 7T+3 -0.21 | -0.046 6+1 T+3 -0.04 | -0.049 7T+3 8+3 -0.23 | -0.122 5+2
23P; — 17517 8+3 0.04 | 0.038 9+2 8+3 0.22 | 0.036 10+4 8+3 0.07 | -0.022 9+3
23P, — 13517 9+3 0.28 | 0.186 13+4 9+3 0.46 | 0.186 14+5 9+4 0.37 | 0.161 14+4
23p) — 2391y 15+5 -0.17 | -0.031 12+3 15+5 |-0.14 | -0.031 12+3 13+4 -0.23 | -0.038 9+2
23P; — 23517 2047 -0.24 | -0.025 1545 20+6 |-0.21 | -0.025 16 +4 17+5 -0.33 | -0.028 11+4
2P, — 23517 24438 -0.29 | -0.019 1746 24+7 ]-0.26 | -0.019 18+5 20+6 -0.4 | -0.013 12+5
33P, — 1351y 3+2 0.18 | -0.041 442 3+2 0.04 | -0.044 3+2 442 0.28 | -0.103 5+3
33P, — 239y 3+1 -0.002 | 0.095 | 3.3+1.0 3+1 -0.13 | 0.093 | 2.8+0.7 3+1 0.04 | 0.047 3+1
3%P, — 3391y 11+4 -0.22 | -0.021 8+2 11+4 |-0.21] -0.021 8+2 9+3 -0.3 | -0.023 642
238) = 1°Pyy | 1.6+£04 | -02 | -0.013 | 1.3+0.1 1.6+04 [-021] -0.013 | 1.2+0.1 15404 [-0.25] -0.012 [ 1.1£0.1
235, > 1°Piy | 24407 | -0.09 | -0.002 | 2.2+0.2 24+07 | -0.1 | -0.002 | 2.24+0.2 22+07 | -0.1 | -0.001 | 2.0+0.2
238, — 1°Pyy | 2.5+0.7 | -0.04 | 0.004 | 24+0.2 25+0.7 |-0.05] 0.004 | 24402 23+0.7 [-0.03] 0004 | 22403
335 - 2°Pyy | 1.6+£0.5 | -0.2 | -0.007 [ 1.3£0.1 1.6+05 [-0.21| -0.007 | 1.3%0.1 15405 [-0.23 | -0.005 [ 1.1£0.2
339 —2°P1y | 2.6+08 | -0.07 |-0.0005| 2.4+0.2 2.6+0.8 |-0.09]-0.0003 | 2.4+0.2 2.4+08 [-0.08] 0.0006 | 2.2+0.3
335, —2%Pyy | 2.84£0.8 | -0.02 |-0.0001 | 2.8+0.3 28+09 |-0.04]-0.0002 | 2.7+0.3 2.6+0.9 [-0.01 [ -0.0004 | 2.6+0.4

Table 8.3: Summary of the evaluation of the bottomonium decays using the phenomenol-
ogy input, values computed as in Table
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Counting 1 Counting 2

Decay TO [keV] | R oF | TNIO[keV] | TFO [keV] | R or | TNLO [keV]
1P, 518y [ 56+15 [ -0.8 [ -0.031 10+5 57+15 |-0.77 | -0.031 11+5
21P; — 11Syy 12+3 0.8 | 0.051 2241 12+4 1.24 | 0.052 2742
21P, — 275y 2+7 -0.77 | -0.022 542 2+7 -0.72 | -0.023 6+2
215y — 1Py | 0.08£0.02 | 0.07 | -0.002 | 0.087 £ 0.004 | 0.08 +£0.02 | 0.05 | -0.002 | 0.085 & 0.005
13Py — 13517 29+8 -0.4 | -0.081 15+2 29 +8 -0.37 | -0.082 16 +2
1%P, - 151y | 36+10 |-0.48 | -0.051 17+3 37410 |[-0.45 | -0.051 18+3
1°P, - 1351y | 41+11 [-0.48 | -0.003 21+3 42+ 11 [-0.46 | -0.003 23+3
23p) — 13917 9+3 -0.2 | -0.149 5.6+ 0.3 9+3 0.23 | -0.151 92+1.0
23p; — 139y 9+3 0.14 | -0.05 10.1+£0.5 9+3 0.57 | -0.051 14+1
23P, — 139y 10+3 0.48 | 0.134 15.7£0.8 10+3 0.92 | 0.136 20 £ 2
23Py — 2351y 1143 -0.27 | -0.041 7.9+0.7 1243 -0.22 | -0.042 8.54+0.6
23p; — 239y 16+5 |-0.39 | -0.029 9+1 16+5 |-0.35 ] -0.029 0.7+£0.9
23P, — 239y 18+6 |-0.48 [ -0.011 9+1 18+£6 |-0.44 [ -0.011 10+1
33P — 1391y 4+1 0.41 [ -0.116 5.4+0.5 4+1 0.14 | -0.118 43+04
33P — 2391y 3+1 0.11 | 0.026 3.8+0.2 3+1 -0.2 | 0.026 2.7+0.2
33P, — 339y 9+3 -0.36 | -0.024 5.3+0.5 9+3 -0.35 | -0.024 5.5+0.5
23] 5 1°Pyy | 1.4+04 [-027]-0.013 | 1.03+£0.05 14404 | -0.3 [ -0.013 | 0.99+0.05
238 - 1%Py | 22406 |-0.11]-0.002 | 1.95+0.08 2240.6 [-0.13|-0.002 | 1.9140.08
235) 5 1%Pyy | 23+£0.7 [-0.02] 0.005 | 222+0.09 | 23+0.7 |-0.04 | 0.005 | 2.18+0.08
335) - 2°Pyy | 1.5+0.5 |[-0.25]-0.006 | 1.08 £0.06 1.54+0.5 |[-0.29 | -0.006 | 1.03 & 0.06
339) — 2°P;y | 24£0.7 |-0.07 | 0.0001 22+0.1 24+08 [-0.11]0.0002 | 2.12+0.1
3351 —2%Pyy | 2.6+£0.8 | 0.01 |0.0003 2.6 +£0.1 2.6+0.8 |-0.03]0.0003 2.5+0.1

Table 8.4: Summary of the evaluation of the bottomonium decays using the lattice input,
values computed as in Table .

8.3 Analysis

8.3.1 Bottomonium

The first conclusion that can be drawn from Tables and is that, as it may be ex-
pected, Ry~ is the dominant correction to the decay rates. More than because it con-
tains the contribution coming from the NLO potential, the dominance of Ry, p/, comes
from the fact that the amplitudes, although some of them are extra suppressed, may
add up to make a sizeable contribution. In general, the largest contributions to Ry, g,
are the ones coming from the 1/m potentials and some of the momentum-dependent
potentials. In most of the evaluations, the largest momentum-dependent contribution to
Ry _spr~ comes from the potential containing the p? operator, which we have labeled as
fl‘s}pQ in Egs. (6.48]) and (6.49)) for initial and final state wavefunction corrections respec-

tively. Each of these contributions corresponds actually to two separate series, each of

them of parametric order v? if we adopt Countings 1 or 3. Moreover, one of these series

corresponds to 2Cr/C4 ~ 0.9 times the series of the A‘S/ (1/m) amplitude, which in turn
2

is one of the largest contributions to Ry, g .

In Chapter [5| it was noticed that the distinction between NLO and NNLO contributions
to the potential appears not to be realized numerically when comparing the expectation
values of the NLO and NNLO potentials. A similar situation can be observed in the
scaling of the contributions to Ry_,p. In Table @ we show the average of the NLO
and other leading amplitudes that contribute to Ry_ g/ in the 1P — 1S and 2P — 15
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decays. From the values of that table we see that some of the NNLO amplitudes, for

instance /_1{/ vort. , are of the same order or even larger than the NLO ones. This result and

the scaling é)lf/ ?})le potentials discussed in Chapter [5| suggest that, rather than separating
between NLO and NNLO contributions, one may count them homogeneously. Never-
theless, it can be verified that the numerical impact of the second order contributions
coming from the NLO potential is in any case small enough (~ 1073) not to alter the
value of the decay rates calculated with Countings 1 and 3 significantly.

The non-realization of the distinction between NLO and NNLO potentials is also repli-
cated in the results obtained by adopting Counting 2, where to consider the 1/m potential
as NLO appears to be arbitrary if one compares the values of the amplitudes originated
from this and some of the NNLO potentials (e.g. see the values of the NLO and AVpQ
amplitudes in Table [8.5)). Notice that in this counting, however, the second order cor-
rections coming from the NLO potentials are larger than the equivalent contributions in
Countings 1 or 3.

We conclude that in our evaluations we cannot distinguish a hierarchy among the cor-
rections to the quark-antiquark potential. However, notice that in the results obtained
by adopting Countings 1 and 3, the extra-suppression of the second order corrections
makes them numerically closer to an evaluation in which all corrections are considered
of the same parametric size, i.e., the second order corrections due to the NLO potential
in these countings are negligible.

Even if the ordering inherited from the counting (1 or 3) is not fully realized in the
corrections to the decay rates, it is convenient to measure the size of the corrections in
terms of their effective scaling with respect to the relative velocity v. Let us factorize the
contributions as

A
T = Bv?, (8.6)

auv,

where A is the amplitude with the largest contribution to Rz_, H'~ in each transition
regardless from which potential it originates. The values of « for the three relevant
counting/input combinations are shown in Table . From these values it can be seen
that, apart from the 3P — 1S decay, the amplitudes contributing to Ry_, g~ scale as
some value in the interval [vZ,v,]. This is in accordance with the ideal realization of
the counting, where the contributions to Rp_, g/, would scale at most as the relative
velocity. Moreover, these values appear to support our claim that in our evaluations
all corrections to the potential should be considered as scaling homogeneously. For the
3P — 18 transition « ~ 2, which still may be considered as a factor that does not break
the scaling dictated by the non-relativistic expansion.

In the case of the scaling of the 6I'y_,p/, corrections, we have that for most of the
decays the scaling 0I'y_pr ~ v? appears to be an overestimation of its size, specially
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Decay

Counting 1

Counting 2

Counting 3

Al o = —0.03(4%)

Ao = —0.12(49%)

Al o = —0.03(8%)

1P — 18 Af;pQ = —0.12(64%) AépQ = —0.11(54%) A{,pQ = —0.17(59%)
A{/gen.) = —0.1(79%) A{/gert') = —0.15(74%)
Al o =0.15(48%) | Al o =—037(11%) | Alpo = 0.15(48%)
2P — 19 A@pQ = 0.31(23%) AépQ = 0.31(22%) AJQPQ = 0.31(23%)
Aépert. = 022<42%> Aépert - 022(42%)
(1/m) (1/m)

Table 8.5: Mean values of the parametric NLO and other leading amplitudes that con-
tribute to the Ry_,p corrections in the 1P — 15 and 2P — 1S bottomonium decays

using phenomenology input. In Countings 1 and 3 AﬁLO = A{/EST , in Counting 2 AI{ILO
(1/m)

is the sum of the two 1/m final wave correction amplitudes, i.e., AﬁLO = A{/EST +/_1{/pert, .

(1/m) (1/m)
In brackets we show the relative (to the mean) value of the standard deviation of each

mean amplitude.

in decays among excited states. A feature of these corrections is that in many of the
evaluations, they result in a contribution that is smaller than the uncertainty associated
with neglecting the O(v?) relativistic corrections . This may also be the case for
some of the amplitudes that contribute to Ry_, -, which may scale in the same way
as 0I'y_, g, does. For clarity, we have left the tables displaying the 3 factors in the
Appendix

Decay Count. 1 | Count. 1 | Count. 3
(phen.) (latt.) (phen.)
1P — 18 0.4 0.7 0.6
28 —» 1P 0.2 0.3 0.2
2P = 18 0.8 1.2 1.0
2P — 28 0.4 0.6 0.5
38 — 2P 0.2 0.3 0.2
3P — 18 1.2 1.8 1.9
3P — 28 0.7 1.1 1.5
3P — 38 0.3 0.5 0.6

Table 8.6: Values of the scaling factor « in bottomonium decays. Any value in this
table that is less than one means that, in the corresponding decay, the largest amplitude
that contribute to Ry, p+ has a value that is less than a power of the relative velocity.
In each counting/input combination the relative velocity has been calculated using the
relevant mean values of the parameters (Tables and .
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Regarding the uncertainties, in the evaluations with phenomenology input we see that
for most of the decays the relative (to TNLO) value of eNM© is smaller than the relative (to
T'LO) value of €“O. For decays in which this does not occu the origin of this behaviour
can be traced down to the large dispersion among the values obtained after evaluating
Ry py. The source of these large dispersions are the accidental cancellations among
the amplitudes that contribute to R, p, which occur in the evaluation with some of
the parameter sets. Since the dispersion among the parameters in the lattice approach
is smaller, we have that in the evaluations with lattice input only the singlet 1P — 15
and 2P — 25 decays present this issue. We recognize these accidental cancellations
as one of the limitations of the method we have adopted for the evaluation of the rates,
however, we recall that for most of the decays the total NLO uncertainty is less than 40%.
Remarkable are the results for the 35 — 2P transitions, where the total uncertainty is
around 10%.

Although we cannot control accidental cancellations, we made sure to keep the series of
the amplitudes that contribute to Rp_ ps, under control. Explicitly, we have required
that all the amplitudes [1}2 in Egs. — of Chapter@fulﬁll ]fl}q3| < 1. Considering
this condition, we left out a preliminary evaluation of the 35S — 1P decays in which
the series of some amplitudes diverges; the origin of these divergences is studied in
Appendix . Nevertheless, as it can be seen from the results for the 2P, — 11Syy
bottomonium decay adopting Counting 2 with lattice input (displayed in Table , the
condition that |A3| < 1 alone does not guarantee that the absolute value of Ry, H~ 18
less than one. In this case, although all amplitudes fulfill |fl§| < 1, they add up to make
|Re—m~| > 1. We have left the value of this rate in the tables as an illustration of the
limitations of our method, however, this decay will not be considered in further analyses.
The incompatibility among the results for the fitting of the coupling parameter with
different input and, to a lesser extent, the stress among the analogous results for the
string tension (see tables in Sec. indicate that we cannot expect agreement among
the results of the evaluation of the rates with different inputs.

If we now consider the same input source, an inspection of the results with phenomenology
input with Countings 1 and 3 shows that the values of the NL.O decay rates are compatible
within the quoted uncertainty. We recall that in the case of evaluations using the lattice
input, the evaluations with Countings 1 and 3 are equivalent.

8.3.2 Charmonium

In contrast to bottomonium, in some charmonium decays’| the relative value of the un-
certainty due to the neglected relativistic corrections is larger for the NLO rates than for
the LO ones. This occurs when the LO and NLO rates are such that I'*© > I'NLO due to
large relativistic corrections, that is, large values of Ry_, g and 0I' . Considering

4Five transitions in Countings 1 and 2 and eight in Counting 3. The specific transitions can be read
from the tables of Appendix
®See for instance the results for the 1°Py — 13517 decay in Table of Appendix
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Egs. and , we note that in these cases it may occur that IO x v3 ~ INLO,
making the value of €, comparable to [NLO

As in bottomonium, in charmonium there are also decays in which the relative value of
eNLO g larger than the relative value of €O, but in contrast to the bottomonium case,
where the larger error is always due to the sensitivity to parameters, in charmonium the
dominant error may also come from neglecting the O(v?) relativistic corrections.

In general, the poor realization of the separation of scales in charmonium makes its study
with non-relativistic EF'Ts challenging. For instance, in the case of 1P states adopting
Counting 3, we have the following values for the scaling of increasing powers of the
relative velocity

ve ~ 0.6,
v? ~ 0.3,
3 ~ 0.2,
vl o~ 0.1 (8.7)

So if we expect that the largest amplitudes that contribute to Ry, g, scale like v, we
have to consider that just a factor 1/3 in front of the of sum will make it effectively
scale as v3, even if the expected scaling is fully realized in the counting-dependent coef-
ficients, and the size of the amplitude without the factor 1/3 is indeed v. The value v*
is the scale we have assigned to the neglected relativistic corrections, and therefore, one
of the uncertainty sources of our evaluations. Then it should not come as a surprise that
many of the contributions we have computed are absorbed within the uncertainty, since
its effective scaling is v® or smaller. Notice that from Table it can be seen that in
bottomonium the largest suppression on the leading amplitude occurs in the 35 — 2P
and 25 — 1P decays in which the leading amplitude contributing to R,z scales as
0.2 x v ~ v%, so even in this case Ry_, '~ contains significant corrections to the decay
rate.

In Table @We display the NLO and other leading contributions to Ry, g, of the eval-
uation of the 1P — 15 and 2S5 — 1P decays with phenomenology input. The effective
scaling of the largest amplitude in terms of v is shown in Table [B:§| for phenomenol-
ogy and lattice input. From Table it appears as we may have left out a sizeable
contribution from the p?-dependent potential in evaluations with Counting 3, since this
amplitude is the dominant one in the evaluations with the other countings. An estima-
tion of the size of fl{/pQ using the parameters of this counting shows that its effective size

is v*, therefore its contribution may be considered as absorbed in the uncertaintyﬂ The
same contribution is also useful to illustrate the problem with the prefactors: the global
factor Cr/2 =~ 0.67 in front of the sum in A{/pQ (Eq. (6.49)) counts as an effective extra

This estimation of the size of Aé , should be handled with care: since the values of the parameters
P

in Counting 3 are obtained neglecting the contribution of the p*-dependent potential, it is not entirely
consistent to evaluate this amplitude with these parameters. Our estimation of the value A{, , assumes
p

that the values of the parameters are not largely affected if we consider the p2-dependent potential in
the parameter fitting.
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suppression of order v, so the value of the series without this factor is actually v3, which
is precisely the scaling dictated by Counting 3. This apparent extra suppression occurs
in other contributions to Ry _ g, in charmonium and bottomonium, but because the
separation of scales is badly realized, the effect of these factors in the effective scaling
is more dramatic in charmonium. Moreover, the values of the effective scaling factor
« displayed in Table show that, regardless of the counting/input combination, the
leading amplitude contributing to Rp_ f~ scales at most as v3, hence the significance
of our evaluation of charmonium decays is drastically reduced.

In the case of the 0I'y_, 7 corrections, using the same factorization as in the bottomo-
nium case, Eq. (8.6), we see that the scaling factor 3 is such that |3| € [0.001, 1.1]. In this
case, these corrections are significant only for |/3| > v; this criterion is only fulfilled in the
13Pj_01 — 13517 decays. Explicit values of 3 for each decay are given in Appendix

Decay Counting 1 Counting 2 Counting 3
Ao = —007(5%) | Alyo =—0.13(29%) | ALy = —0.19(17%)
1P 18 | A, =—0.13(49%) | Al =—0.13(43%) | Al, =—0.07(17%)
Af = —0.09(20%) | Al = —0.0918%) | A, = 0.0432%)
Alyo=—009(7%) | Ao =0.11(21%) | Ay o = —0.21(13%)
25 — 1P | AT, = —0.1410%) | Al =-014(8%) | AL, =—0.18(17%)

Ay, , = ~0.09(36%) Al o =—0.10(7%) | Alyo = 0.21(17%)

Table 8.7: Mean values of the parametric NLO and other leading amplitudes that con-
tribute to the Ry_,ps, corrections in the 1P — 1S5 and 25 — 1P charmonium decays
using phenomenology input. In Counting 3 AI%LO =AY + A‘S;EST , the other values

VCoul. (1/m)
as in Table .

Decay | Count. 1 | Count. 1 | Count. 3 | Count. 3
(phen.) (latt.) (phen.) (latt.)
1P — 18 0.2 0.3 0.3 0.3
25 - 1P 0.1 0.2 0.3 0.4

Table 8.8: Values of the scaling factor « in charmonium decays. The values here illustrate
the problem with the poorly realization of the separation of scales in charmonium. For
instance, considering the powers of the velocity in Eq. , we see that for the 1P — 15
decay, the effective scaling of the leading amplitude in Ry, is v3, which is the size
of the relativistic uncertainty. In each counting/input combination, the relative velocity
has been calculated using the relevant mean values of the parameters (Tables and

53).
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With regard to the impact of the adopted power counting on the value of the decay rate,
we see that when considering the same input source, the results for Countings 1 and 2
are compatible with each other within just a fraction of their respective uncertainties.
This does not occur if we compare the results of Counting 1 (or 2) with the results of
Counting 3. This difference can be explained by the different shape of the series for
Ry (Egs. —), in fact, the variation of the values of 0I'y_, f, across all
countings is small, which means that for the evaluation of the rate, the values of the
parameters are less relevant than the shape of Ry_, .

8.4 Summary

It would be natural to expect the QQ potential to have a different counting for different
states, lower or excited, or at least a different counting for bottomonium and charmo-
nium, since the nature of their physics may be different due to the different sizes of the
systems. Originally, we introduced Counting 3 as a way to overcome the apparent incon-
sistency in the numerical results of the parameter fitting when considering the scaling
of Counting 1 for the QQ potential in bottomonium and charmonium states. However,
since charmonium is larger than bottomonium, the extra v suppression in the coupling
parameter for charmonium can be understood as a way to give less weight to the short
distance physics within a larger system. Since the ordering of the potential for bottomo-
nium states is the same in Countings 1 and 3, the numerical impact of changing the
counting on the decay rates is small. In the case of charmonium, we have seen that
the different ordering implies also a big variation in the values of the contributions to
Ry pr~, thus the variation in the final value of the rate is more pronounced.

In order to select the results for our final evaluation we make two observations. First,
we have that the realization of the counting in the parameters is better accomplished in
Counting 3, so, as it may be expected, it appears that to have different countings for
bottomonium and charmonium systems represents a more realistic picture of the physics
of the QQ bound states. The second observation is that, as we have mentioned previ-
ously in this chapter, the distinction between NLO and NNLO contributions to Ry, 7,
appears to not be realized, so the inclusion of a second order perturbative correction
coming to the NLO potential is not well justified. Nevertheless, in Counting 1 and
Counting 3, the contribution of this second order correction is negligible, so the results
with these countings are closer to effectively count homogeneously all the corrections to
the potential. Based on these observations, in order to compute our final results in the
next chapter, we will select the results corresponding to evaluations with phenomenology
input adopting Counting 3 for bottomonium and charmonium decays and the results of
the evaluation with lattice input using Counting 1 for bottomonium and Counting 3 for
charmonium decays.

It may look like we have done some unnecessary work in evaluating the decay rates with
Counting 2. However, notice that in evaluations of decays in which the second order
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correction of the 1/m potential is small, for instance the 25 — 1P decays, the main
difference between Countings 1 and 2 is that in Counting 2 we are also incorporating the
1/m? momentum and spin independent long-range corrections to the potential computed
in Chapter [ Our results for the parameter fitting and the evaluation of the decay rates
show that the numerical impact of incorporating this contribution is small. Looking at
the long-range spectrum in Figs. [£.3] and [£.4] it is not immediately obvious that the
long-range 1/m? corrections are negligible, moreover, these plots show that they are not
negligible at all, if we just consider long-range contributions. What we have shown with
the results of Counting 2 is that, using a full-range QQ potential like the one constructed
in Chapter [5] for the evaluation of the rates, the contribution of this long-range relativis-
tic correction is negligible. Nevertheless, one could think of an alternative construction
of the potential in which the long-range and short-range contributions are separated by
a cut-off; in such a case, one may expect all the 1/m? long-range corrections to have a
sizeable numerical impact in the evaluation of the E1 decay rates.
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Chapter 9

Evaluation of the E1 decay 1I: Final
results and comparison with
experiments

Based on the outcome of the previous chapter, we present here the final results of the
evaluation of the K1 decay rates. We call these our primary results, since they come
purely from the theoretical framework we have presented along the thesis.

Additionally we also estimate the total width of all the initial states for which the exper-
imental value of the E1 decay branching fraction is available. We also give predictions
for the branching fractions of some transitions for which only the data for the width of
the initial state is available. We call these evaluations our secondary results since they
depend on our theoretical predictions and experimental input. When the available data
allows it, we compare our results with the experimental results from the PDG and other
sources.

9.1 Primary results

9.1.1 Decay rates

As stated at the end of the previous chapter, in the case of bottomonium decays we
will consider the results of adopting Counting 1 with lattice input and Counting 3 with
phenomenology input. For charmonium transitions we will consider the results with
phenomenology and lattice input adopting Counting 3. The central value of each rate
corresponds to the average of the central values for each input. The error assigned
to each decay rate corresponds to Max(€phen.; €latt.) Where €phen. and €jag. are the full
uncertainties (Eq. ) obtained with each approach. The final results for the decay
rates are shown in Tables and for charmonium and bottomonium respectively.
Since the aim of this chapter is also to compare our results with the ones of experiments,
we switch to the notation for quarkonia usually found in the experimental literature, a
full translation between the spectroscopy notation we have used so far and the one used
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here can be found in the tables of Appendix [C|

Decay

| LO [keV] | NLO [keV] |

he(1P) — ne(1S)y | 1334+ 793 | 601 & 278
ne(2S) — he(1P)y | 0.05+0.03 | 0.03 +0.01
Xeo(1P) — J/iby | 297 + 176 79 + 67
X1 (1P) = J/vy | 630+£374 | 2534136
Xe2(1P) — J/vy | 846 £503 | 461 4175
¥(28) — xeo(1P)y | 59+ 39 44 + 17
¥(28) = xa(1P)y | 50433 38+ 14
¥(28) — xe2(1P)y | 34423 20+ 10

Table 9.1: Final results for the charmonium decays.

Decay | LO [keV] | NLO [keV] |
hy(1P) — my(1S)y | 60 + 20 17
h(2P) — mp(1S)y | 11+4 20 £ 6
hy(2P) — mp(2S)y | 23+8 713
m(25) — hy(1P)~y | 0.08 £0.03 | 0.08 +0.03
xw(1P) — T(1S)y | 31+10 18+9
o1 (1P) — Y(1S)y | 39+13 21 + 12
Xp2(1P) — Y(1S)y | 44+15 25+ 13
Xp0(2P) = T(15)y 8+3 5+2
Xp1(2P) — T(15)y 9+3 9+3
Xs2(2P) — T(15)y 9+4 15+ 4
x00(2P) = T(2S)y | 12+4 942
X1 (2P) = T(25)y | 16+£5 10+4
X2(2P) = T(25)y | 19+6 11+5
xo1(3P) = Y(1S)y | 4+2 5+3
xp1(3P) = T(25)y 3+1 1+1
Xp1(3P) — Y(3S)~y 9+3 6+ 2
T(25) = xpo(1P)y | 1.4+04 | 1.1+0.1
T(25) = xot(1P)y | 22407 | 2002
T(25) = xp2(1P)y | 23£0.7 | 22403
T(3S) = xeo(2P)y | 1.5£05 | 1.1+£0.2
T(3S) = xo1(2P)y | 24+08 | 22403
T(3S) — xe(2P)y | 26+£09 | 26+04
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9.1.2 Comparison with experiments

In Figs.[9.1]- [0-5] we compare our results with experimental data available from the PDG
[78]. In Fig. We also include a lattice determination of the charmonium singlet 1P —
1S decay. The experimental values of the rates are calculated using the values of the
branching fraction and the total width given in Sec. [6.2] assuming that the uncertainties of
both quantities are not correlated. In Figs. [0.6]- [0.§ we use the branching fraction of the
Y(25) = xps(1P)y and Y(3S) — xps(2P)y decays reported by the BaBar collaboration
[87] to calculate the experimental values of the decay rates. At the time of writing, these
values have not been included in the PDG averages.

Y (28)—x3s(1P)y

y o]

354 @ N

I exp. J=0 (PDG)
#7 exp. )=1 (PDG)
T == exp.)=2 (PDG)

Figure 9.1: Comparison of our results for the bottomonium Y (25) — x4s(1P)~ transition
with the experiment. The experimental data (total width and branching fractions) have
been taken from the PDG report [78].
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T (3S)—xus(2P)y

A LO
51 @ Nwo
Il exp. J=0 (PDG)
7 exp. )=1 (PDG)
4+ exp. =2 (PDG)
% 3
=
~
1
0
J=0 J=1 J=2

Figure 9.2: Comparison of our results for bottomonium Y(3S) — x37(2P)y transition
with the experiment. The experimental data (total width and branching fractions) have
been taken from the PDG report [78§].

Xes(1P)—J/ Uy
1400
A LO
B N
1200 1 g exp. J=0 (PDG)
#7 exp. =1 (PDG)
1000 4 =1 exp. J=2 (PDG)
— 800 4
>
i
= A
., 600 T
400
200 | |
0 by
J=0 J=1 J=2

Figure 9.3: Comparison of our results for charmonium y.;(1P) — J/¢~ transition with
the experiment. The experimental data have been taken from the PDG report [7§].
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Figure 9.4: Comparison of our results for charmonium (25) — x.s(1P)7y transition
with the experiment. The experimental data have been taken from the PDG report [78].

he(1P)=n.(15)y

- A LO

2000 @ nwo 1
73 exp. (PDG)

W latt. (Becirevic et al. '12)

1500

I [keV]

1000

500

Figure 9.5: Comparison of our results for the charmonium 1P — 1§ singlet transition
with PDG data [78] and a lattice evaluation reported in [96].
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T (3S)—xus(2P)y

LO
NLO

exp. J=1 (PDG+BABAR-a)
exp. J=2 (PDG+BABAR-a)

A

[
EIEN exp. J=0 (PDG+BABAR-a)
(=]
=

T [keV]

J=0 J=1 J=2

Figure 9.6: Comparison of our results for the bottomonium Y (2S5) — xp.7(1P)y transition
with experiment. The experimental data for the width have been taken from the PDG
report [78] and the branching fractions obtained from [87] considering the decay chain
3S — 2P — 28 explicit values of both quantities are given in Sec. @

Y (3S)—x3s(2P)y
A o
51 @8 nwo
I exp. J=0 (PDG+BABAR-b)
71 exp. J=1 (PDG+BABAR-b)
4 4 I exp. J=2 (PDG+BABAR-b)

I' [keV]

Figure 9.7: Comparison of our results for the bottomonium Y (2S) — xps(1P)~ transition
with experiment. The experimental data for the width have been taken from the PDG
report [78] and the branching fractions obtained from [87] considering the decay chain
35 — 2P — 185 explicit values of both quantities are given in Sec.
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T (25)—xps(1P)y

4.0
A Lo
3.5 4 @ nwo
I exp. J=0 (PDG+BABAR)
771 exp. J=1 (PDG+BABAR)
3.0 1 mm exp. J=2 (PDG+BABAR) -I- [ '|' [
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Figure 9.8: Comparison of our results for the bottomonium Y (25) — x4s(1P)~ transition
with experiment. The experimental value of the width has been taken from the PDG
report [78] and the branching fractions from [87], explicit values of both quantities are

given in Sec. [6.2}

9.2 Secondary results

9.2.1 Total width and branching fractions

Using experimental input of the branching fractions and our results for the decay rates we
can estimate the total width of the initial states. The results for the widths using input
from the PDG are presented in Tables [9.3] and [0.4] for bottomonium and charmonium
states respectively. In Tables andwe use input from BaBar [87] to estimate the
widths. In Table|9.8| we compute the total width of the h(1P) state using the branching
fraction of the hy(1P) — m(15)y transition reported by the BELLE experiment [90].
Using the values of the widths from the PDG, in Table we estimate the branching
fraction of the singlet 25 — 1P transition in bottomonium and charmonium.
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State Decay Iy [keV] Iy [keV|
(theo. + exp.) (PDG)
ho(1P) | ho(1P) — n,(1S)y 35 + 35 NA
ho(2P) | hp(2P) — my(18)y 01 + 34 NA
hy(2P) | hp(2P) — ny(25)y 15 + 15 NA
xoo(1P) | xo0(1P) — T(1S)y | 1023 £ 550 NA
xo1(1P) | xp1(1P) — T(1S)y 62 + 36 NA
Xo2(1P) | xp2(1P) — T(1S)y | 131+ 69 NA
x00(2P) | x00(2P) — T(1S)y | 556 & 432 NA
o1 (2P) | xn(2P) = Y(1S)y | 98+ 34 NA
X02(2P) | x2(2P) = Y(18)y | 214+ 61 NA
X00(2P) | x00(2P) — Y(28)y | 196 £ 99 NA
Xo1(2P) | xp1(2P) = T(25)7 | 50 £ 21 NA
xp2(2P) | xp2(2P) — Y(25)y 104 £+ 54 NA
Y(25) | Y(25) — xpo(1P)y 20 4 31.98 £ 2.63
Y(25) | Y(2S) = xo1(1P)y 20+ 3 31.98 £ 2.63
T(25) | Y(2S) = xte(1P)y 31+4 31.98 £ 2.63
YT(3S) | T(35) — xe0(2P)y 19+4 20.32 £ 1.85
Y(3S) | T(35) = xu1(2P)y 17+3 20.32 £ 1.85
Y(3S) | T(35) = x»(2P)y 20 + 4 20.32 £ 1.85

Table 9.3: Estimation of the total widths of bottomonium states using PDG input for
the branching fractions.

State Decay Iy [keV] Iy [keV]
(theo. + exp.) (PDG)
he(LP) | ho(1P) — 1o(1S)y | 1178 £562 | 700 %400
Yo(1P) | xeo(1P) = Jjoy | 62205284 | 10500 = 600

Xe1(1P) | xe1(1P) — J/aby 746 + 402 840 + 40
Xe2(1P) | xe2(1P) — J/aby 2401 £916 | 19304 110
¥(2S) [ ¥(2S) = xwo(1P)y | 444+ 172 298 + 8
¥(2S) | ¥(2S) = xa(1P)y | 3984147 298 + 8
¥(2S) | ¥(2S) — xe2(1P)y | 2204110 298 + 8

Table 9.4: Estimation of the total widths of charmonium states using PDG input for the
branching fractions.
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State Decay Iy |keV] Iy [keV|
(theo. + exp.) | (PDG)
Xeo(1P) | xo(1P) — Y(1S)y | 874 £ 457 NA
Xo1(1P) | xu(1P) = Y(1S)y | 57+33 NA
Xp2(1P) | xp2(1P) — Y(15)y 134 £ 70 NA
T(2S) | T(25) = xp0(1P)y 24 +6 NA
T(2S) | T(25) = xp1(1P)y 27+3 NA
YT(25) | T(25) = xt2(1P)y 31+5 NA

Table 9.5: Estimation of the total widths of bottomonium states using input from the
BaBar experiment for the branching fractions. The branching fractions used to compute
the values in this table were obtained by BaBar analysing the 25 — 1P — 1S decay
process, for more details see [87].

State Decay Ty |keV] Iy |keV]
(theo. + exp.) (PDG)
X00(2P) | xe0(2P) — Y(25)7 | 687 £ 219 NA
Xo1(2P) | x1(2P) — T(28)y | 47 £20 NA
Y02 (2P) | x2(2P) = Y(28)y | 122 %60 NA
Y(35) | Y(3S) — xv0(2P)y 24 £ 10 20.32 £ 1.85
Y(35) | Y(3S) — x61(2P)y 15+3 20.32 £ 1.85
Y(35) | Y(3S) — x12(2P)y 22+5 20.32 £ 1.85

Table 9.6: Estimation of the widths of bottomonium states using input from the BaBar
experiment for the branching fractions. The branching fractions used to compute the
values in this table were obtained by BaBar analysing the 35 — 2P — 25 decay process,
for more details see [87].
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State Decay Iy [keV] Iy [keV|
(theo. + exp.) (PDG)
X00(2P) | x0(2P) — Y(1S)y | 1351 + 823 NA
Xo1(2P) | xp1(2P) = T(1S)y | 83 +£29 NA
xp2(2P) | xp2(2P) — Y(15)y 246 £ 71 NA
Y(35) | Y(3S) — xv0(2P )y 50 £ 37 20.32 £ 1.85
Y(35) | Y(3S) — xu1(2P)y 16+3 20.32 £ 1.85
Y(35) | Y(3S) = x12(2P)y 22 £ 4 20.32 £ 1.85

Table 9.7: Estimation of the total widths of bottomonium states using input from the
BaBar experiment for the branching fractions. The branching fractions used to compute
the values in this table were obtained by BaBar analysing the 35 — 2P — 1S decay
process, for more details see [87].

State Decay Iy |keV] Ty [keV]
(theo. + exp.) | (PDG)
| (1P) | hy(1P) = mp(1S)y |  30+£30 | NA |

Table 9.8: Estimation of the total width of the bottomonium hy(1P) state using input
from the BELLE experiment [90] for the branching fraction.

Decay Iuomy/TH
(theo. + exp.)
n(25) = hpy(1P)y | >2x 1076

n:(2S) = he(1P)y | 3£1) x 107°

Table 9.9: Predictions for the branching fraction of the singlet 25 — 1P transition in
bottomonium and charmonium. The data of the width has been retrieved from the PDG.

9.3 Summary

The large uncertainty of the hy(1P) — n(15)y and hy(2P) — n,(2S5)y bottomonium
decays comes from the accidental cancellation of the contributions to Ry_, f discussed
in Chapter[8} for the other bottomonium evaluations we get an error that is typically less
than 40% the central value. In general, our results agree with the experiments within the
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assigned uncertainties. Since there are no more free parameters to fit after the parameters
of the potential have been determined, our agreement with experiment is not a trivial
result, especially in the case of the bottomonium decays where the theoretical uncertainty
is small. Especially remarkable are our results for the bottomonium 2S5 — 1P and the
35S — 2P decays, where the theoretical uncertainty is competitive with the experimental
one.

The only decay for which we do not have agreement with the experiment is the T(35) —
Xp1(2P)7y decay when compared to the BaBar result obtained from the analysis of the
35S — 2P — 18 decay chain (Fig. . In the case of the BaBar result for the same decay
obtained from the analysis of the 35S — 2P — 2S5 chain (Fig. , we see that there is
no such disagreement, moreover, there seems to be tension among the two BaBar results.
For transparency reasons, we have kept the BaBar results as they were reported in [87],
however, one may expect that a consistent determination of the Y(3S5) — xp7(2P)y
branching fractions from BaBar would correspond to the average of the values obtained
from the analysis of the two decay chains. In this case, our results would agree with
BaBar, as they do with the PDG value for the same decay.

Due to the poor convergence of the non-relativistic expansion, the uncertainties of our
results for charmonium decays are in general larger than the experimental uncertainties,
except in the case of the singlet 1P — 1S transition (Fig. , where theoretical and
experimental uncertainties are comparable.

From our results for the total width of the bottomonium states hy(2P), xp1(2P) and
Xb2(2P), we see that there is some tension among the predictions coming from different
transitions. The source of this tension may be attributed to our results for the decay
rates or to the experimental values of the branching fractions. One may expect that
further experimental measurements will move the values of their respective branching
fractions. For instance, in the case of the hy(2P) state, we have that the branching
fractions of the 2P — 1S5 and 2P — 2§ transitions quoted in the PDG come from
only one experiment [86]; it would be interesting to see if the current PDG values for
these transitions will be altered by further measurements. The values of the branching
fractions of the x3(2P) — YT(1S), T(2S)y decays appear to be better established with
three experiments quoted in the computation of the PDG average [123H125], however,
for these transitions our estimations of the width of the initial state show some tension
but are still compatible within errors. Finally let us point out that the upper limit of our
estimation for the width of the xpo(1P) bottomonium state, ~ 1.5[MeV], is compatible
with the upper limit of ~ 2.4 [MeV] recently reported by the BELLE experiment in [91].
It would be interesting to see if further analysis by BELLE or other experiment can
narrow the experimental uncertainty and provide a more rigorous test of our prediction.
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Chapter 10

Conclusions and outlook

10.1 Regarding the EST potential

We have seen that the unambiguous expression for the QQ potential up to O(1/m?) is
provided by the EFTs for heavy quarkonium, in particular pNRQCD, in terms of QCD
correlators that are independent of the distance between the quark and antiquark, but
whose evaluation is constrained by the distance regime that is being considered. In the
first part of the thesis, we have evaluated these correlators using a mapping between the
QCD and EST degrees of freedom. This mapping has been constructed under the as-
sumption that the symmetry properties of the QQ system are the same in both theories.
Our main results regarding the EST are the expressions for the relativistic corrections
to the QQ string potential given in Egs. —. In particular, we have obtained
a new 1/m2-suppressed, momentum- and spin-independent contribution that may be in-
terpreted as a relativistic correction to the string tension.

We have shown that if only the leading terms are considered, the EST potential depends
only on two parameters: the string tension and the quark mass. Evaluating the EST QQ
spectrum from this potential, we have seen that in some circumstances the contribution
of the 1/m?-suppressed corrections are as significant as the 1/m-suppressed one.

The relativistic corrections to the EST potential have been obtained assuming the LO
string action (Eq. ) and the LO mapping between the EST and QCD (Eq. )
We argued that the expressions listed in Egs. - correspond to the leading cor-
rections to the potential even if NLO terms in the mapping are taken into account. The
incorporation of these terms in the calculation may lead to new subleading contributions
or to a change in the coefficients of the leading potentials, but they will not alter their
dependence on r. A study of the EST potential beyond the LO, in the action and the
mapping, can be found in [126].

The most relevant aspect of our results has to do with the quark-antiquark interaction
at long distances. Since the computation of the correlators in the QQ potential derived
from EFTs cannot be performed perturbatively, the EST provides an analytical alter-
native for their evaluation. The results of this evaluation can be compared to lattice
determinations of the correlators and, eventually, be used to parametrize the results
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of these lattice computations. So far, the available lattice evidence is compatible with
the EST hypothesis for large distances. We have found that the momentum and spin-
independent 1/m? potential shows a behavior rising linearly with the distance; this is a
prediction that can be tested once lattice determinations of the relevant correlators are
performed. Existing lattice data for the spin-spin potentials are so far consistent with
zero in the long range [127]. It would be interesting to produce more accurate data able
to detect a long-distance signal since the EST predicts a sharp fall off proportional to
1/r°.

Another relevant aspect is the application of our results to other topics of quarkonium
phenomenology. Possible applications of the EST potential may include spectroscopy or
other decays different from the E1.

10.2 Regarding the E1 transitions

In the general case, the E1 heavy quarkonium transitions involve at least one excited
state, therefore, the evaluation of the E1 decay rates at order v? in the relative quark-
qntiquark velocity expansion, which have been obtained in the framework of pPNRQCD,
requires input for the quark-antiquark potential in the whole distance regime. In our
approach for the evaluation of these rates, we have developed a framework in which the
long-range of the potential is given by the LO results of our the evaluation of the rele-
vant QCD correlators in the EST, which, as we stated before, only depend on the string
tension and on the quark mass.

For the evaluation of the short-distance contribution, we have used the expressions that
result from the perturbative evaluation of these correlators. In order to have a smooth
transition between both distance regimes without the addition of a cut-off parameter,
the potential is constructed by adding the expressions of both regimes. One of the trade-
offs of this approach is that the QCD running coupling, appearing in the perturbative
expressions, must be converted into a fixed parameter, since now the evaluation of the
potential goes into the non-perturbative regime, where the value of the coupling diverges.
The resulting QQ potential has three free parameters, namely, the quark mass, the fixed
coupling, and the string tension. We considered three possible orderings of the potential
based on three different power countings that can be imposed on its parameters. We took
a statistical approach to fit these parameters: using input from redundant experimental
data for the bottomonium and charmonium spectrums and redundant lattice data for
the static energy, we found a range of values for each parameter.

The evaluation of the EI rates is carried out using points that distribute normally in
the range of each parameter, thus leading to a set of values for each of the considered
decay rates in each of the input and counting combinations. The mean and standard
deviation of these sets is what we consider the central value and associated uncertainty
of our evaluations respectively.

Our intermediate results show how the ordering of the potential affects the evaluation of
the rates. Also, they provide results for the two different data inputs we have used to fit
the parameters.
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Our final results for the E1 decay rates are obtained by combining the results from both
inputs, adopting the countings we considered to be closer to representing the differences
between charmonium and bottomonium states. These evaluations are summarized in
Tables [9.1] and [9.2] of Chapter [0} they compare favorably with the available experimental
data. In particular for the triplet 35S — 2P and 25 — 1P transitions in bottomonium
and the singlet 1P — 1S transition in charmonium, we get errors that are comparable
to the experimental ones.

Using our results for the decays and experimental input in Tables 0.3 - -8 we com-
puted predictions for the total width of some quarkonium states. Our prediction for the
Xp0(1P) is compatible with the latest experimental limits.

In Table [9.9) we use our results together with experimental input for the total width
to estimate the branching fraction of the singlet 25 — 1P transition in bottomonium
and charmonium. There is some tension among our predictions for the total width when
these are computed from different transitions. We expect that further experimental data
can conciliate this tension.

The results reported here may be seen as a first evaluation of the O(v?) E1 decay rates
within an EFT framework. A possible next step may be to include the full perturbative
expressions of the potential in the short-distance regime. Provided an estimation of the
non-perturbative effects that still appear (octet effects) and ignoring contributions from
the long-range regime of the potential, this approach may be sufficient for transitions
among lower states. In this approach, the mass and coupling may be evaluated in a
specific renormalization scheme rather than the fixed parameters of our approach. Such
a study has been carried out in the case of the M1 transitions in [8I] and a preliminary
evaluation of some E1 transitions can be found in [128].

For transitions involving excited states, still some parametrization of the long-range po-
tential will be necessary as well as a cut-off to separate both distance regimes. It would
be interesting to see if a more sophisticated evaluation can account for the 35 — 1P
bottomonium transition, since in our approach this transition suffers from a large in-
stability. The origin of this instability (see Appendix seems to indicate that precise
fine-tuned values of the potential parameters are necessary for getting stable relativistic
corrections.

The results presented here may be relevant for current and future experiments like
BELLE II, BESIII and quarkonium-related LHC experiments.

10.3 Concluding remarks

We have presented an evaluation of the quarkonium electromagnetic dipole transitions
that uses some of the accumulated results from the EFTs for quarkonium, in particular
from pNRQCD. This represents a novel approach to the study of a process that in the
past has been treated using models that did not have a solid justification in terms of
QCD. Although in the construction of the potential we had to give some rigor away, we
believe that our evaluation is a step forward with respect to these older approaches.
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To conduct this evaluation, it was required to complete the calculation of the relativis-
tic corrections to the EST potential at O(1/m?), a calculation that by itself is impor-
tant, since it provides some predictions for the quark-antiquark interaction that may be
testable in future lattice studies. These results together with some of the tools developed
for the numerical analysis may be relevant for applications other than those presented in
this thesis.

The research we have detailed here has also been reported in [129], [58], [130], [131],
and [116].

112



Appendices

113






Appendix A

Further details on the calculation of
the pNRQCD 1/m potential

In this section we give some details on the calculation of the 1/m potential in Sec.
based on [1§].

The spin-dependent term in Eq. (3.41) has been eliminated using time reversal:
(B(t))o = —(B(-t))o. (A1)
In order to expand Gl(\%F’?(?QCD in Eq. (3.41) and obtain the expression of (3.43)), the fol-

lowing identities are necessary

D(x,t)o(t,x,t',x) = o(t,x,t',x)D(x,t)

t
+ ig/ dt"¢(t,x,t", x)E(x,t")o(t", x,t', %), (A.2)
t/

1
D(x1, )6(x1,x0) = igr x / ds s $(x1, X () )B(x/(s), 1)6(x/(5), x3; 1)

+ ¢(X17 XQ; t)vx17 (A3)
where
t
o(t,x,t',x) = Pexp {—ig/ dt”Ag(x,t”)} , (A.4)
t/
x'(s) = sx1+ (1 —s)xa, (A.5)
and ¢(x1,x2;t) was defined in Eq. (3.28)) as
1
d(x1,x2;t) = Pexp [zg/ ds(x; — x2) - A(xg — s(x2 — xl),t)] . (A.6)
0
From identities (A.2) and (A.3) the following relation can be obtained
T/2
Vi, (Wo) = ig/ ) di(E(t))o + (O1(=T/2))o — (02(T/2))o, (A.7)
—T/2
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where Op and Og are given in Egs. (3.44) and (3.45|) respectively.

The method for going from Eq. (3.50)) to ( and from ) to was outlined
in Ref. [I8]; it reads:

1. Inserting the identity operator I = 3" |n)© (O (n| into the Wilson loop averages

one obtains Eq. (3.51]).

2. Doing the same for (E(t))g one gets

EB(t)o =
S T2 OBl ©) 4 3 BB EHED-ED)tg, 0, O (o] Bl ©)

n n#m

(A.8)

3. End-point strings containing Os and O select intermediate states with quantum
numbers different from the ones of the singlet. As a consequence of this, correlators
containing O9 and O; vanish when taking the limit T — oo.

4. Consider the following two results

~(VW) = <0><0|pr|<)><0 (A.9)
E
(VZo) = 2 aga, lg’g g , (A.10)
n#0

which can be proven using Eq. (A.7) together with time-inversion invariance of the
chromoelectric field.

5. Inserting the identity operator in the correlator (E(t) - E(¢'))g, one obtains for
t>t
(E@)-E())o =
Z anam O (n|E[s) O O (s|E|lm)De —i(B+ BT (B - B i(B Bt

n,m,s

(A.11)

This method also provides the steps to prove that the expressions involving the correlators
(Egs. (3.50) and (3.68))) are finite when taking the limit 7" — oc.

116



Appendix B

The EST two-field correlator

For the sake of completeness, in this section we show the explicit derivation of Eq. (4.11)).
The following derivation has been presented previously in [132].

Let the position of the quark and antiquark be +r/2 = (0,0, £7/2) meaning that the
QQ system is located along the z-axis and symmetric with respect to the x-y plane. We
want to calculate the correlator given by

G (425t ) = (€ (.26 ) = 5 [ DEDRelgnetSum@ (B1)

with Z being the normalization, and G%”(t, z;t',2') the Feynman propagator that can
be obtained from the equations of motion

oL or -
ge ~ g = 0! =0, (B.2)

Because £ only depends on z and ¢, the equations of motion simplify to

82 l 82 l
GRS S (B.3)
ot 0z
It is much more convenient to work in Euclidean space-time; performing a Wick rotation
t — it, the equations of motion reduce to a Laplacian in two dimensions

o + e _ 0 and €'(it, £r/2) = £ (Fico,2) =0 (B.4)
o2 922 ’ N . '
Now we can compute the Green function defined by
0? 0? m - . Oim
<(’9t2 + 3z2> G (it, zy it ') = —75(2 — 2Nt —t). (B.5)
Dropping the Kroenecker delta in (B.5)), we get
82 82 ~ / / ]‘ / /
<8t2+822> G(t,z,t,z)——;5(z—z)5(t—t). (B.6)
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Note that the Green function introduced in also has to satisfy the boundary con-
ditions of (B.4)). Hence it is useful to translate the coordinate system in the z direction:

2= z2+71/2, 2 =2 +7r/2,
é(t, rit', 2) = é(t,(); t ) = é(:l:oo, rit' 2') = 0.

To handle Eq. (B.6)), the first step is to express the Green function as a Fourier transfor-
mation §(n, z;t', 2') namely

1 o
gn, 2zt )= — /dt MGt 2t 2) (B.7)
V2T
and )
é(t72;t/az/) = E /dﬁ eimtg(%z;t/,z/)' (B8)

Multiplying Eq. with e and performing an integration over the whole time axis

yields
2 2
/dt emt%f /dt mt%f _— /dt eM5(z — 2ot —t).

K

Assuming that the Green function and its first derivative vanishes when ¢ — 400, one
obtains after two integrations by parts

092G
/dt mta fn\ﬁg

Moreover the second integral reads

092G d? d2~
wnt nt
/alte"az2 2 dt MG = /2 .

Altogether the remaining equation which has to be solved is given by

’g L i
—= =g = ————e""§(2z — 2') and §(n,0) = §(n,r) = 0. B.9
R e ( ) and g(n,0) = g(n,7) (B.9)
The solution of Eq. can be expanded in terms of a complete system of orthonormal
functions which fulfill the boundary conditions. This expansion gets simpler if one uses

eigenfunctions defined by (% + )\%) Yn(2) = 0 and ¥, (0) = Yp(r) = 0. A complete
system (3, ¥n(2)¥h(2') = 6(z — 2’)) respecting also the boundary conditions is 1, (z) =
VEsin(nz) and Ay = "% and [ dz v (2)65,(2) = G

T
The expansion then becomes

eint’ gi sin(A,2) Sin()‘nzl). (B.10)

2R T i n?+ A2

g(n? Z; tl? Z/) =
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To get the sought Green function combine Eq. (B.10) and (B.8§]):

" 1 - . _ IR |
G(t,zt, ) = P lem()\nz) sm(>\nz')/dn e~ t)nz e (B.11)
Computing the integral with the residue theorem, the correlator reads
1 K1
G(t, 2t =Y - Anz') ettt B.12
(t,z;t,2) — g - Anz) sin(A\,2") ( )

This relation may be written as the real part of a complex function:

; / > 1 ; / o ’
¢ t/ _ z/\n (2'—z)+i|t—t'|) _ =i (2 2)+i|t—t]) ]
G(t, z; [ E E e

=1 n=1

With 3%, 2% = —In(1 — Z) and In(Z) = In|Z| + iarg(Z), the sum can be rewritten

n=1 n
as a logarithm with a complex argument
B 1 1—¢ ((z"'+2)+i|t—t'])
. / / —
G(t7z7t7z) - 27TH§R 1n<1_el Z—Z +Z|t t/

1 I cosh(T(t —t')) — cos(T(z
 dnk cosh(Z(t —t')) — cos(%(

Coming back to the original coordinates, we have

z—=z—r/2,2 =2 —r/2

Ccos (g(z + z')) — —cos (E

r

(242 )) .
Putting back the Kroenecker delta, we get

i, I (cosh( (t—1t")) + cos(

Glm it "t/ N _ r
F (i, 2t 2) Ak cosh(Z(t —t')) — cos(

(z+)
i) e

RIRIRIE

which is the desired result.
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Appendix C

Quarkonium spectrum from the
PDG

In Tables and we display the values of the masses used for the parameter fitting
and the calculation of the photon energy as they were retrieved from [78|. These values
may change in future PDG reports.

’ State (25+1LJ) ‘ Mass [MeV] ‘
ne(1S) (11Sp) 2983.7 + 0.7
J/ (13S1) | 3096.916 +0.011
he(1P) (1'Py) | 3525.38 £0.11
xeo(1P) (13Py) | 3414.75 +£0.31
Xe1(1P) (13Py) | 3510.66 £ 0.07
Xe2(1P) (13P;) | 3556.2 4+ 0.09
n:(25) (2150) 3639.4 +1.3
1(3686) (2351) | 3686.109 + 0.013

Table C.1: Experimental values of the charmonium masses retrieved from the PDG report

I78].
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Table C.2: Experimental values of the bottomonium masses retrieved from the PDG

report [78§].

State (***'L;) | Mass [MeV] |
np(1S) (11Sp) 9398.0 + 3.2
T(1S) (1351) | 9460.30 & 0.26
hy(1P) (11Py) 9899.3 4 1.0

9859.44 £ 0.73

(

o1 (1P) (13P;) | 9892.78 + 0.57
xo2(1P) (13P2) | 9912.21 4+ 0.57
n(25) (21S0) 9999 + 4
Y(29) (2351) | 10023.26 £ 0.31
hy(2P) (2'P;) | 10259.8 +£1.2
xs0(2P) (2°Py) | 10232.5+0.9
b1 (2P) (23P;) | 10255.46 +0.77
x02(2P) (2°P) | 10268.65 £ 0.77
Y(39) (335) 10355.2 + 0.5
Y (45) (4391) 10579.4 + 1.2
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Appendix D

Detailed results of the parameter
fitting

In the first part of this section we show the detailed partial results of the parameter fitting
that lead to the values of Tables[5.2]and[5.3] In the second part we present further details
of the analysis of the scaling of the potential with Countings 1 and 3.

D.1 Partial results of the fitting

The results of the fitting with phenomenology input are summarized in Tables -
The fitting of my, and m, with lattice input is shown in Tables -[D-8 We only quote
up to three decimals in each parameter although the precision of the experimental input
requires that the parameters must be fitted at a precision of at least six decimals.
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Set Bottomonium Charmonium a k [GeV?] | m. [GeV] | my [GeV]
1 1351,2351,339; 215, 0.309 | 0.172 1.435 4.803
2 135, 1351,2351,1'P, | 0.251 | 0.186 1.357 4.714
3 118p,21Sy,435; 1P, 0.328 0.14 1.428 4.864
4 21p, 1351,15P;,21S, [ 0.209 | 0.191 1.318 4.717
5 1351,253P;, 43S, 139, 0.301 | 0.165 1.421 4.794
6 139; 1381,11P;,21S, | 0.243 0.19 1.346 4.702
7 21P, 339, 115,215, 0.242 | 0.215 1.297 4.693
8 21P, 339, 135,215, 0.206 | 0.191 1.316 4.716
9 215,335, 135,215, 0.238 0.19 1.341 4.733
10 215,,335,; 1351,239, 0.246 | 0.187 1.352 4.744
11 23P;, 339, 1351,239, 0.201 | 0.194 1.309 4.708
12 23P;, 335, 115p,239, 0.233 | 0.212 1.29 4.693
13 215,339, 115,215, 0.117 | 0.234 1.157 4.597
14 339,435, 13P;, 235, 0.039 | 0.159 1.313 4.708
15 335,439, 1P, 239, 0.154 | 0.149 1.386 4.771
16 33591,439; 13P,, 235, 0.238 0.14 1.449 4.826

mean - - 0.222 | 0.182 1.345 4.736
o - - 0.07 | 0.026 0.07 0.061

Table D.1: Parameter fitting using Counting 1 with phenomenology input. We quote
the states used to fit each parameter set, the experimental values for their masses can be
found in Appendix E]
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Set Bottomonium Charmonium a k [GeV?] | m. [GeV] | my [GeV]
1 1351,2351,339; 215, 0.293 | 0.175 1.428 4.792
2 135, 1351,2351,1'P | 0.236 | 0.188 1.353 4.701
3 118p,21Sy,435; 1P, 0.313 | 0.143 1.42 4.851
4 21p, 1391,1°P1,2155, | 0.2 0.193 1.318 4.712
5 1351,253P;, 43S, 139, 0.29 0.165 1.427 4.79
6 139; 1391,11P;,21S, | 0.233 0.19 1.349 4.696
7 21P, 339, 115,215, 0.238 | 0.216 1.306 4.69
8 21P, 339, 135,215, 0.205 | 0.192 1.323 4.714
9 215,335, 135,215, 0.237 0.19 1.353 4.735
10 215,,335,; 1351,239, 0.247 | 0.186 1.366 4.747
11 23P;, 339, 1351,239, 0.201 | 0.196 1.316 4.706
12 23P;, 335, 115p,239, 0.231 | 0.214 1.299 4.69
13 215,339, 115,215, 0.08 0.244 1.127 4.563
14 335,435, 13P;, 23S, 0.021 | 0.161 1.31 4.699
15 335,439, 1P, 239, 0.145 0.15 1.386 4.766
16 33591,439; 13P,, 235, 0.229 | 0.141 1.448 4.82

mean - - 0.213 0.184 1.346 4.73
o - - 0.073 | 0.027 0.074 0.065

Table D.2: Parameter fitting using Counting 2 with phenomenology input.

Set Bottomonium | Charmonium a k [GeVZ] | m. [GeV] | my [GeV]
1 1351,2351,339; 215, 0.309 | 0.172 1.204 4.803
2 115p,218y,435; 1°3P, 0.328 0.14 1.251 4.864
3 1354,2°P;, 43S, 139, 0.301 | 0.165 1.164 4.794
4 21P;, 335, 1150,215, ] 0.283 | 0.254 1.024 4.654
5 21P, 335, 1351,215, ]0.225 | 0.203 1.141 4.705
6 215,339, 1351,218, 10.209 | 0.202 1.145 4.698
7 215,339, 13591,2351 | 0.159 0.22 1.133 4.641
8 23P;, 335, 1351,235; 0254 | 0.226 1.116 4.68
9 23P;, 339, 1159,235; ]0.309 | 0.278 1.0 4.633
10 215,335, 1159,21Sy ] 0.084 | 0.243 1.053 4.567
mean - - 0.246 0.21 1.123 4.704

o - - 0.074 | 0.041 0.074 0.086

Table D.3: Parameter fitting using Counting 3 with phenomenology input. In this case
only 10 sets fulfill the condition 0 < a < 1.

125




State | mp(n25TIL) [GeV] | om, [GeV]
115, 4.767 0.051
135, 4.757 0.042
1P 4.715 0.026
1P, 4.709 0.027
13, 4.715 0.026
13P, 4.718 0.025
218, 4.744 0.036
239, 4.734 0.033
21p, 4.702 0.033
23p, 4.701 0.033
23p; 4.703 0.033
2°p, 4.703 0.032
339, 4.709 0.039
435, 4.664 0.045
| Average | 4.719 0.132

Table D.4: Results for the fitting of the bottom mass parameter m; with the lattice
input adopting Counting 1; o,,, corresponds to the standard deviation of the twelve
values obtained after solving Eq. . The average is calculated using the values o,
as weights. The average of the o,,, values is calculated using quadratures.

State | me(n2T1L;) [GeV] | o, [GeV]
115, 1.354 0.041
215, 1.329 0.048
135, 1.361 0.036
239, 1.310 0.047
13P, 1.271 0.041
1%p 1.303 0.039
1P 1.314 0.037
13P, 1.328 0.035

| Average 1.321 0.115

Table D.5: Results for m, with Counting 1 and lattice input. The values are computed

as in Table .
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State | mp(n25TIL) [GeV] | om, [GeV]
115, 4.783 0.058
139, 4.773 0.049
1P 4.716 0.026
1P, 4.710 0.027
13p; 4.716 0.026
13P, 4.719 0.025
215, 4.748 0.037
239, 4.738 0.034
21p 4.703 0.033
23p, 4.702 0.033
23p, 4.703 0.033
23p, 4.704 0.032
339, 4.711 0.039
435, 4.666 0.045
’ Average ‘ 4.725 0.137

Table D.6: Results for m; with Counting 2 and lattice input. The values are computed

as in Table .

State | me(n2T1L;) [GeV] | o, [GeV]
118, 1.376 0.044
215, 1.347 0.047
135; 1.384 0.039
239, 1.328 0.046
13P, 1.282 0.039
13P, 1.315 0.037
1P 1.324 0.035
13P, 1.338 0.033

| Average 1.338 0.114

Table D.7: Results for m, with Counting 2 and lattice input. The values are computed

as in Table []E]
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State | me(n2T1L;) [GeV] | o, [GeV]
115, 1.053 0.015
218, 1.094 0.038
135; 1.115 0.014
235, 1.122 0.038
1P, 1.083 0.037
13P, 1.159 0.033
1P 1.183 0.03
13P, 1.215 0.028

’ Average ‘ 1.130 0.086

Table D.8: Results for m, with Counting 3 and lattice input. The values are computed

as in Table .

D.2 Consistency of the potential

D.2.1 Counting 1

For reading convenience, let us recall the definition of the potential adopting Counting
1 with the following notation

where

VvlLO

y@/m

VNNLO’

_|_

VIO = pLO L Lo 2,
2
YO — ilog(\/gr) ~ mu3,
mm
yNNLO ‘/2(1/m)+VNNLO/ ~ mod,
_CFE7
r
KT,
_C’FCAa2
2mr?
4
P 1 (1 5 Cra Cra &k 9 3Cra
_r 4 - )2 _ e et I
a3 Tz {2 {p T T\ T T\
47TCF(L CFCL

3 63 (r)S? + 3 Sie(b) + 7Crad® (r)} :

(D.7)

In this counting the potential has the same shape for both bottomonium and charmonium
states. Using the values of a, k, my and m, obtained from for the parameter fitting,
in Tables - we compare the expectation values of VIO, YNLO 5nq /NNLO
calculated in all initial states of the E1 decays we are evaluating.
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[State | [(VEO) [0 [ 10703 (/mtrl) | V™) [ 1V ]

1P| 017 0.38 0.005 (0.89) 0.008 0.02
2P | 0.13 0.58 0.005 (1.37) 0.006 0.02
13P, | 0.17 0.38 0.005 (0.89) 0.008 0.03
3P | 0.17 0.38 0.005 (0.89) 0.008 0.02
13P, | 0.17 0.38 0.005 (0.89) 0.008 0.01
23P) | 0.13 0.58 0.005 (1.37) 0.006 0.04
23P, | 0.13 0.58 0.005 (1.37) 0.006 0.03
23P, | 0.13 0.58 0.005 (1.37) 0.006 0.02
2351 | 0.19 0.47 0.002 (1.09) 0.025 0.02
335 | 0.15 0.66 0.006 (1.55) 0.019 0.03
3% | 0.11 0.76 0.011 (1.78) 0.005 0.04

Table D.9: Consistency test of the ordering of the potential in the initial bottomonium
states adopting Counting 1 with phenomenology input. We show the expectation value of
the NLO potential together with the expectation value of the argument of the logarithm.
The suppression of the NLO potential was noticed also in Chapter [4] where considering
just the long-distance potential, for some states the NLO logarithmic potential turned
out to be more suppressed than some of the NNLO contributions. We also display the
expectation values of the NNLO 1/m-suppressed corrections, which turn out to be larger
than the NLO ones. All energy values in GeV.

| State | [(VEO)| [ [(VEO)] [ KVNEO)(V/m(r)D) [ (Ve ™)) [ [(VANEO)) |
1P | 0.24 0.42 0.005 (0.89) 0.017 0.03
21p [ 0.18 0.65 0.006 (1.39) 0.013 0.04
1%Py | 0.24 0.42 0.005 (0.89) 0.017 0.05
1%P, | 0.24 0.42 0.005 (0.89) 0.017 0.03
1P, | 0.24 0.42 0.005 (0.89) 0.017 0.02
2°P, | 0.18 0.65 0.006 (1.39) 0.013 0.06
2°P | 0.18 0.65 0.006 (1.39) 0.013 0.04
23p, | 0.18 0.65 0.006 (1.39) 0.013 0.03
235, | 0.28 0.51 0.002 (1.1) 0.056 0.03
335, | 0.21 0.74 0.008 (1.57) 0.042 0.04
3%P | 0.15 0.85 0.013 (1.82) 0.011 0.05

Table D.10: Consistency test of the potential in the initial bottomonium states adopting
Counting 1 with lattice input. Values as in Table
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| State | [(VEO) [ (VO [ VN0 (y/mryl) | (v ™)) [ (VAN |
1P 0.1 0.62 0.027 (1.45) 0.01 0.07
13P, 0.1 0.62 0.027 (1.45) 0.01 0.09
13P, 0.1 0.62 0.027 (1.45) 0.01 0.07
13P, 0.1 0.62 0.027 (1.45) 0.01 0.07
2351 | 0.12 0.76 0.035 (1.77) 0.029 0.09

Table D.11: Consistency test of the potential in the initial charmonium states adopting
Counting 1 with phenomenology input. Values as in Table

[ state [ [(VO)] | 10V | 1OVNEOY (1w D) | (v ™)) [ [(vINEO)) |
11P1 0.14 0.7 0.035 (1.49) 0.021 0.1
13P0 0.14 0.7 0.035 (1.49) 0.021 0.14
13P | 0.14 0.7 0.035 (1.49) 0.021 0.1
13P, | 0.14 0.7 0.035 (1.49) 0.021 0.1
2351 0.17 0.85 0.046 (1.82) 0.063 0.13

Table D.12: Consistency test of the potential evaluated in the initial charmonium states
adopting Counting 1 with lattice input. Values as in Table .

D.2.2 Counting 3

We repeat the analysis of the previous section now for Counting 3. For the evaluations of
the expectation values of the bottomonium states, the potential has the same shape as in
Counting 1, so we adopt the same notation. In the case of the evaluations in charmonium
states, the potential is given by

where

VLO
VNLO

VNNLO

2

KT ~ mu~,
VNLO+V2NLO vag,
pt 1 K
S 4am3 T m? {_§ 2
VlNLO = 2—log( KT)
mm
VQNLO = —CF%

L2—£L-S} ~ mut,

(D.11)

(D.12)

The results of the study of the realization of this ordering in the potential are shown in

Tables [D.13] - [D.15]
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| State [ [(VEO) [ (VO [ [(VNEO) (/) | (v ™)) [ [(vNNEOY)] |
1P [ 019 0.42 0.005 (0.91) 0.011 0.02
2P | 0.15 0.64 0.006 (1.4) 0.008 0.03
13Py | 0.19 0.42 0.005 (0.91) 0.011 0.04
3P | 0.19 0.42 0.005 (0.91) 0.011 0.02
13P, | 0.19 0.42 0.005 (0.91) 0.011 0.01
23P, | 0.15 0.64 0.006 (1.4) 0.008 0.05
23P | 0.15 0.64 0.006 (1.4) 0.008 0.03
2%p, | 0.15 0.64 0.006 (1.4) 0.008 0.03
2351 | 0.22 0.51 0.001 (1.12) 0.035 0.02
3351 | 0.17 0.72 0.008 (1.58) 0.026 0.04
3%P, | 0.12 0.83 0.013 (1.82) 0.007 0.05

Table D.13: The same as Table but using the results of the fitting adopting the
Counting 3 with phenomenology input.

| State [ [(VEO)] | (VRO)(1v/w(r)]) [ [(V20)] | |(VINLO)[ |
1P [ 076 0.05 (1.66) 0.1 0.07
3Py | 0.76 0.05 (1.66) 0.1 0.01
13P | 0.76 0.05 (1.66) 0.1 0.04
13, | 0.76 0.05 (1.66) 0.1 0.09
2351 | 0.93 0.06 (2.02) 0.12 0.09

Table D.14: Consistency test of the potential for initial charmonium states using Count-

ing 3 with phenomenology input. All energy values in GeV.

| state | [(VEO) [ [(VNMO)[(1V/k(r)]) | [{(VaO)] | [(VNNEO)) |
1P| 078 0.06 (1.67) 0.13 0.07
3Py | 0.78 0.06 (1.67) 0.13 0.01
3P | 0.78 0.06 (1.67) 0.13 0.04
3P, | 0.78 0.06 (1.67) 0.13 0.1
239 | 0.95 0.07 (2.03) 0.14 0.09
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Appendix E

The SChroe.py script

In this section we describe the method used to solve the Schrédinger equation together
with a basic example of the usage of the script where this method has been implemented.
Problem set-up and solution method

The time-independent Schrodinger equation for two particles interacting through a po-
tential V'(r) is given by

vQ
(-32 + Vi) ) wle) = Bucr) (E1)
where 1 (r) is the wavefunction, E is the eigenvalue and p is the reduced mass given by
mims
= E.2
r = (E.2)

with m; being the masses of the particles. If we consider the equal mass case with a
spherically symmetric potential V (r), the equation reduces to

1 d> I(1+1)

m dr? mr?

+ V(T) yn,l(r) = En,lyn,l(r)a (E3)
where y,,; is the reduced radial wavefunction defined through

v = 2y, g, (5.4)
where the pair (n,[) are the radial and angular momentum quantum numbers respectively
and )(6, ¢) are the spherical harmonics.

The fundamental computational problem related to Eq. is to find E,,; for a given
n and [. The standard method to solve this problem is called the shooting method, which
consists of applying two known constraints to the reduced wavefunction y,, ;:

e The number of nodes (number of times the wavefunction crosses the z axis) of
Yn,1(r) must be equal to n — 1. This result is called the nodal theorem.
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e y,(r) has to be normalizable:
| gt 1. (E5)
0

In general yy,, ;(r) will diverge except when FE,,; corresponds to an eigenvalue. The pro-
cedure to find the eigenvalues consists in performing a scan of values of E,, ; until y, ;(r)
has n — 1 nodes and converges for a large enough value of r, see Fig. [EJI] This implies
that for each test value of E,,; Eq. must be solved.

The algorithm to solve for a given pair n = N,l = L can be summarized as follows:

e A Jower and an upper bound Ej., and E,, of the interval in which the eigenvalue
is expected to lie must be specified in the input. Also the precision P of the
calculation must be specified.

e There will be two loops running: the solver loop, that computes the eigenfunction
for a given probe eigenvalue and the global loop in which the eigenvalue that the
solver loop receives is modified.

e In our implementation we solve Eq. with E,,; = € = (Eiow + Eyp)/2 using
the Runge-Kutta (RK) method. In each step of the RK loop, the solver loop,
we compare the sign of y,; with respect to its sign in the previous step; if it is
different, we have that y,,; has crossed the x axis, so we increase the node counter
that initially has been set to zero.

e In each step of the solver loop the following conditionals are analysed:
— If the number of nodes is larger than N — 1, the solver loop stops and then

we call again the global loop, now with E,, = € while Ej,, remains the same.

— If y, starts to diverge, the solver loop stops and for the next step in the
global loop Ejoy = € while E,, remains the same.

— The asymptotic behavior of 3, ; can be determined by looking at its derivative,
which is calculated in each step of the solver loop: if the derivative and the
function have the same sign, then the function diverges [120].

e The global loop stops when Ey, — Elow < P; then € corresponds to the eigenvalue
En 1, at the given precision P.

In our implementation, the wavefunctions (arrays) that result from this method have the
following structure:

Y= [[(:U(), y(CE())], [xlv y(‘rl)L A [xmam y(xmax)“‘ (E6)

In general, the smaller the value of P, the larger the value of .« and the smaller the
value of y(zmax). For different wavefunctions, the value of zpax will be in general also
different. We must account for this difference when computing the integrals of the matrix
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elements, which will be defined up to the smaller of the two zyax values.
For more details about the solution method we refer the reader to [120] and to [133],
where the code of SChroe.py is available.

0.4 : : (@ : : 0.6 : : )
0.2}
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r[m™'] r[m™]

Figure E.1: SChroe.py algorithm: (a) if the probe value is not an eigenvalue of the
Hamiltonian the wavefunction will not converge for large r; (b) the eigenvalue is found
when the wavefunction has the right number of nodes and converges for large r.

Usage

Before running the script, the potential must be specified in the potential.h file for the
C solver, or in the SChroe.py file if one wants to use the pure Python solver. In the case
of the potential of Eq. (5.16)), the definition in C reads

long double V(long double r, long double k, long double sig){
return -4.*k/(3.*r)+sig*r;

}

The user must take care that the inputs of the potential are accounted for in the Python
code when calling the C functions, see the accompanying example in [I33]. Once the
potential is defined, the operation of SChroe.py is very simple:

>> run SChroe.py
>> E = eigenvalueC(ELOW,EUP,n,1l,a,t,m)
>> Y = eigenfunctionC(E,1l,a,t,m)

In the above block of code, E stores the eigenvalue of the potential with quantum numbers
n and 1, which must lie in the interval spanned between ELOW and EUP. In this specific
example, we should also specify the parameters of the potential a,t,m as an additional
input, the shape of the input depends on the definition of the potential. In the next
line, using the value E, the array corresponding to the reduced radial wavefunction is
calculated and stored in the variable Y.

Together with these basic functions, the script provides some useful aliases of SciPy
functions in order to manipulate the wavefunctions. For instance, assuming the user has
calculated two wavefunctions Y and Yp, some of the provided functions are

135



>> def F(r):

>> return r*x*2
>> I = wipro(F,Y,Yp)
>> K = wfint (I)

In this example, the function F(r) = r? is first defined, then the variable K stores the
result of [ drY,(r)r?Y (r) calculated with the SChroe.py function wfint. The interme-
diate step defines the integrand I through the SChroe.py function wfpro, which returns
the array that corresponds to the product of two arrays and one function. The integral
is computed using the SciPy function integrate.simps described in Chapter [7] The
script also provides plotting functions that can easily be integrated within a notebook
environment; an example is displayed in Fig.

SChroe.py is useful in cases where the functional shape of the potential is fixed, like in
the case of Eq. , however, for applications in which one needs to change the poten-
tial the script is not so useful, since for each potential the code needs to be modified.
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Appendix F

Detailed partial results for the
decay rates

F.1 Further details of the evaluation of the decay rates

The following tables provide further details of the partial results of the numerical evalu-
ation of the E1 decay rates.

ky | IO epar (%) et (%) R | 6T | INEO T B0 (%) | eer® (%)
Decay [GeV] | [keV] [keV] [keV] |keV] [keV] [keV]
1P = 11Spy | 0.5 ] 1065.52 | 124.34(11.7) | 550.55(51.7) | -0.56 | -0.112 | 363.04 | 241.38(66.5) | 148.17(40.8)
215y > 1Py | 011 | 0.13 | 0.03(242) | 0.07(57.0) | -0.16 | 0.0003 | 0.11 | 0.03(29.9) | 0.02(22.0)
18Py — 1351y | 0.3 237.13 | 27.67(11.7) | 122.53(51.7) | -0.31 | -0.273 | 100.34 | 37.29(37.2) | 32.98(32.9

)
3P — 1381y | 0.39 | 502.98 58.7(11.7) | 259.89(51.7) | -0.39 | -0.155 | 234.7 | 85.88(36.6) | 69.94(29.8)
)
)

1P, - 1551y | 043 | 675.7 | 78.85(1L.7) | 349.13(51.7) | -0.38 | -0.028 | 407.95 | 98.51(24.1) | 93.96(23.0
259, — 1°Pyy | 026 | 60.69 | 4.39(7.2) | 34.53(56.9) | -0.57 | -0.057 | 22.65 | 8.34(36.8) | 11.27(49.7
255; — 3Py | 017 | 51.23 | 3.71(7.2) | 29.15(56.9) | -0.31 | 0.012 | 36.04 | 3.53(9.8) | 9.51(26.4)
259, — 1°Pyy | 0.13 | 3532 | 256(7.2) | 20.1(56.9) |-0.27 | -0.011 | 25,56 | 2.55(10.0) | 6.56(25.7)

Table F.1: Summary of the results obtained from the evaluation of the charmonium decay
rates using Counting 1 with phenomenology input. The photon energy k. is computed
using Eq. (6.4)), the values of IO and I'NMO and the uncertainties are computed as
explained in Sec. For further reference, we include also the mean value of the two
kinds of relativistic corrections: R and éT. For each uncertainty, in brackets we display
its percent value relative to 'O or I'NLO,
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ky [T [ Q%) | 49 %) | R oF | INEO | L0 (%) | e (%)
Decay [GeV] | [keV] [keV] [keV] [keV| [keV] [keV]
1P — 11Syy | 0.49 | 78.43 | 18.6(23.7) | 18.58(23.7) | -0.46 | -0.034 | 44.08 | 29.03(65.8) | 1.05(2.4)
21Py — 118y | 0.83 [ 10.28 | 2.82(27.4) | 2.82(27.5) | 0.5 | 0.132 | 17.14 | 5.63(32.8) | 0.21(1.2)
21Py — 218,y | 0.26 | 28.48 | 4.95(17.4) | 7.75(27.2) | -0.45 | -0.024 | 16.04 | 9.21(57.4) | 0.58(3.6)
218y — 1'Piy | 0.1 | 0.07 | 0.02(27.4) | 0.02(26.5) | 0.02 | -0.001 | 0.07 | 0.02(30.8) | 0.001(1.8)
18Py — 1381y | 0.39 |40.21 | 9.53(23.7) | 9.53(23.7) | -0.24 | -0.051 | 29.89 | 12.22(40.9) | 0.54(1.8)
3P — 1381y | 042 | 50.9 | 12.07(23.7) | 12.06(23.7) | -0.28 | -0.037 | 36.24 | 15.78(43.5) | 0.68(1.9)
1Py — 1381y | 0.44 | 57.91 [ 13.73(23.7) | 13.72(23.7) | -0.28 | -0.022 | 41.88 | 17.16(41.0) | 0.78(1.9)
2Py — 1381y | 074 | 7.5 | 2.06(27.4) | 2.06(27.5) | -0.21 | -0.046 | 5.51 | 1.36(24.7) | 0.16(2.8)
2P — 1381y | 0.76 | 8.16 | 2.24(27.4) | 2.24(27.5) | 0.04 | 0.038 | 8.84 | 2.47(27.9) | 0.17(1.9)
25P, — 1351y | 0.78 | 856 | 2.35(27.4) | 2.35(27.5) | 0.28 | 0.186 | 12.72 | 3.94(31.0) | 0.18(1.4)
2Py — 23817 | 0.21 [ 14.82 | 2.58(17.4) | 4.03(27.2) | -0.17 | -0.031 | 12.06 | 3.15(26.1) | 0.3(2.5)
2P — 2381y | 023 |20.19 | 3.51(17.4) | 5.5(27.2) | -0.24 | -0.025 | 15.22 | 4.83(31.7) | 0.41(2.7)
23P, — 2381y | 0.24 [ 23.78 | 4.13(17.4) | 6.47(27.2) | -0.29 | -0.019 | 16.93 | 6.04(35.7) | 0.48(2.8)
3P — 1351y | 1.0 | 329 | 1.37(41.5) | 1.0(30.3) | 0.18 | -0.041 | 3.94 | 2.03(51.7) | 0.09(2.3)
33P — 2351y | 048 | 2.95 | 0.77(26.2) | 0.89(30.3) | -0.002 | 0.095 | 3.26 | 0.97(29.7) | 0.08(2.5)
3P — 351y | 0.15 | 10.82 | 1.58(14.6) | 3.26(30.1) | -0.22 | -0.021 | 8.34 | 2.21(26.6) | 0.3(3.6)
238 = 13PRyy | 0.16 | 1.6 | 0.12(7.2) | 0.42(26.2) | -0.2 | -0.013 | 1.26 | 0.13(10.7) | 0.03(2.3)
2381 — 3Py | 0.13 | 243 | 0.18(7.2) | 0.64(26.2) | -0.09 | -0.002 | 2.21 | 0.17(7.7) | 0.04(2.0)
2581 — 13Pyy | 0.11 | 251 | 0.18(7.2) | 0.66(26.2) | -0.04 | 0.004 | 2.42 | 0.18(7.6) | 0.05(1.9)
3381 —22Pyy | 012 | 1.6 | 0.12(7.3) | 0.47(29.1) | -0.2 | -0.007 | 1.27 | 0.11(8.8) | 0.04(3.1)
3381 — 2Py | 0.1 | 259 | 0.19(7.3) | 0.75(29.1) | -0.07 | -0.0005 | 2.4 | 0.19(7.7) | 0.06(2.7)
338 = 2Py | 0.09 | 282 | 0.2(7.3) | 0.82(20.1) | -0.02 [ -0.0001 | 2.75 | 0.24(8.8) | 0.07(2.5)
Table F.2: Summary of the results obtained from the evaluation of the bottomonium

decay rates using Counting 1 with phenomenology input. Values as in Table
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ky [T [ Q%) [ %) [ B [ o0 [TNO [ L0 (%) [ &0 (%)
Decay [GeV] | [keV] [keV] [keV] [keV] [keV] [keV]

1'Pp — 1150y [ 0.49 [ 55.88 ] 3.49(6.2) | 14.78(26.4) | -0.8 [-0.031 | 9.65 [ 4.94(51.2) | 1.03(10.7)
21Py — 11Spy | 0.83 | 11.7 | 0.45(3.9) | 3.47(29.7) | 0.8 | 0.051 | 21.69 | 1.03(4.8) | 0.31(1.4)
2TP =215y [ 026 | 21.9 | 1.11(5.1) | 6.5(29.7) |-0.77 [ -0.022 | 4.65 | 1.71(36.9) | 0.57(12.3)
218y — 11Piy | 0.1 | 0.08 | 0.003(3.9) | 0.02(28.9) | 0.07 | -0.002 | 0.09 | 0.004(4.5) | 0.002(2.3)

)

)
PPy — 1351y | 0.39 | 28.65 | 1.79(6. 7.58(26.4) | -0.4 | -0.081 | 15.01 | 2.06(13.8) | 0.53(3.5)

)

)

1BP — 1351y | 042 |36.27 | 2.27 9.59(26.4) |-0.48 | -0.051 | 17.16 | 2.65(15.4
1’P, —» 1351y | 0.44 |41.26 | 2.58

6.2)
(6.2)
(6.2) | 10.91(26.4) [ -0.48 | -0.003 | 21.27 | 3.01(14.2 (
2Py — 1381y | 0.74 | 853 | 0.33(3.9) | 2.53(29.7) | -0.2 | -0.149 | 5.57 | 0.26(4.7) | 0.22(
2P - 1351y | 0.76 | 9.28 | 0.36(3.9) | 2.75(29.7) | 0.14 | -0.05 | 10.12 | 0.44(4.3) | 0.24(2.
2P, — 1351y | 0.78 | 9.73 | 0.38(3.9) | 2.89(29.7) | 0.48 | 0.134 | 15.74 | 0.71(4.5) | 0.25(
2Py — 2351y | 0.21 | 11.4 | 0.58(5.1) )
(5.1)
(5.1)
(6.0)
(3.9)

3.38(29.7) [-0.27 [ -0.041 | 7.89 | 0.64(8.1) | 0.3(3.8)
2P, — 2381y | 0.23 | 1552 | 0.79 4.6(29.7) |-0.39|-0.029 | 8.96 | 0.93(10.4) | 0.41(4.5)
2P — 2351y | 0.24 [ 18.29 | 0.93 5.42(29.7) [-0.48 [ -0.011 | 9.26 | 1.15(12.4) | 0.48(5.2)
3PP — 1351y | 1.0 42 1025 1.37(32.5) | 0.41 | -0.116 | 5.44 | 0.45(8.3) | 0.14(2.7)
3P — 2351y | 048 | 332 | 0.13 1.08(32.5) | 0.11 | 0.026 | 3.77 | 0.19(5.0) | 0.11(3.0)
3P, — 3381y | 0.15 | 8.61 | 0.4(4.6) 2.8(32.5) |-0.36 | -0.024 | 5.34 | 0.46(8.6) | 0.3(5.5)
235] — 13Pyy | 0.16 | 1.44 | 0.05(3.4) | 0.41(28.9) |-0.27 [ -0.013 | 1.03 | 0.04(3.7) | 0.03(3.4)
235) — 18Py | 0.13 | 219 | 0.07(3.4) | 0.63(28.9) |-0.11 [ -0.002 | 1.95 | 0.06(3.3) | 0.05(2.7)
235) — 13Pyy | 0.11 | 2.25 | 0.08(3.4) | 0.65(28.9) [-0.02 | 0.005 | 2.22 | 0.07(3.2) | 0.05(2.4)
3351 — 23Pyy | 0.12 | 1.46 | 0.05(3.2) | 0.46(31.6) |-0.25 | -0.006 | 1.08 | 0.03(3.2) | 0.05(4.3)
335, — 2Py | 0.1 | 236 | 0.08(3.2) | 0.75(31.6) |-0.07 | 0.0 2.2 [ 0.07(3.1) | 0.07(3.4)
3351 — 25Pyy | 0.09 | 2,58 | 0.08(3.2) | 0.81(31.6) | 0.01 | 0.0 | 2.61 | 0.08(3.1) | 0.08(3.1)

Table F.3: Summary of the results obtained from the evaluation of the bottomonium
decay rates using Counting 1 with lattice input. Values as in Table

L[ TO [ 20 | &@m | & | o [T aP®m | oW
Decay [GeV] | [keV] [keV] [keV| [keV] [keV] |keV]

1P — 11Syy | 0.5 ]904.33 | 82.34(9.1) | 517.01(57.2) | -0.86 | -0.108 | 29.95 | 65.12(217.4) | 171.14(571.5)
218y — 11Py | 0.11 | 0.14 | 0.01(4.9) | 0.09(62.6) |-0.14 | -0.004 | 0.12 0.01(5.3) 0.04(28.9)
18Py — 1351y | 0.3 [ 201.26 | 18.33(9.1) | 115.06(57.2) | -0.43 | -0.37 | 38.37 | 13.7(35.7) 38.09(99.3)
18P — 1381y | 0.39 | 426.89 | 38.87(9.1) | 244.05(57.2) | -0.56 | -0.201 | 102.22 | 22.81(22.3) | 80.79(79.0)
13Py — 1381y | 043 | 573.48 | 52.22(9.1) | 327.86(57.2) | -0.54 | 0.021 | 277.54 | 22.74(8.2) | 108.53(39.1)
2381 — 1®Pyy | 0.26 | 56.03 | 4.06(7.2) | 35.17(62.8) | -0.8 | -0.043 | 8.7 3.87(44.5) | 14.04(161.4)
23S, — PPy | 0.17 | 47.3 | 3.43(7.2) | 29.69(62.8) | -0.4 | 0.02 | 29.42 1.01(3.4) 11.85(40.3)
2351 — 1Py | 0.13 | 32.61 | 2.36(7.2) | 20.47(62.8) | -0.29 | -0.015 | 22.39 | 0.83(3.7) 8.17(36.5)

Table F.4: Summary of the results obtained from the evaluation of the charmonium
decay rates using Counting 1 with lattice input. Values as in Table
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By [TO [ Q@) [ 9@ | B [ 0T [TNO [ &LO%) [ O (%)
Decay [GeV] | [keV] [keV] [keV] [keV] [keV] [keV]
1P — 11Spy | 0.49 [ 79.07 | 15.6(19.7) | 18.87(23.9) | -0.42 | -0.035 | 45.92 | 25.15(54.8) | 1.08(2.4)
21P — 11Spy | 0.83 | 10.23 | 2.98(29.1) | 2.82(27.5) | 0.68 | 0.131 | 19.16 | 7.47(39.0) | 0.22(1.1)
21P — 215y | 0.26 [ 28.68 | 4.09(14.2) | 7.86(27.4) | -0.41 | -0.025 | 16.87 | 7.66(45.4) | 0.59(3.5)
218y — 11Py | 0.1 | 0.07 | 0.02(29.1) | 0.02(26.5) | 0.01 | -0.001 | 0.07 | 0.02(31.7) | 0.001(1.8)
Py — 1381y | 0.39 | 4054 | 8.0(19.7) | 9.67(23.9) | -0.21 | -0.05 | 30.7 | 10.33(33.6) | 0.55(1.8)
BP — 1351y | 042 [51.31 ] 10.12(19.7) | 12.24(23.9) | -0.26 | -0.037 | 37.29 | 13.42(36.0) | 0.7(1.9)
BPy — 1351y | 0.44 | 5838 | 11.52(19.7) | 13.93(23.9) | -0.26 | -0.022 | 43.12 | 14.62(33.9) | 0.8(1.9)

3Py — 1381y | 0.74 | 7.46 | 2.17(29.1) | 2.06(27.5) | -0.04 | -0.049 | 7.02 | 2.75(39.2) | 0.16(2.2)
2P, — 1351y | 0.76 | 8.12 | 2.36(29.1) | 2.24(27.5) | 0.22 | 0.036 | 10.48 | 3.96(37.8) | 0.17(1.6)
2P, — 1351y | 0.78 | 851 | 2.48(29.1) | 2.35(27.5) | 0.46 | 0.186 | 14.41 | 5.41(37.6) | 0.18(1.2)
3Py — 2351y | 0.21 | 14.92 | 2.13(14.2) | 4.09(27.4) | -0.14 | -0.031 | 12.42 | 2.5(20.1) | 0.31(2.5)
2P, — 2381y | 0.23 |20.32 | 2.9(14.2) | 5.57(27.4) |-0.21 | -0.025 | 15.73 | 3.9(24.8) | 0. 42(2 7)
25Py — 23517 | 0.24 | 23.94 | 3.41(14.2) | 6.56(27.4) | -0.26 [ -0.019 | 17.56 | 4.92(28.0) | 0.5(2.8)
3P — 1351y | 1.0 | 3.24 | 1.38(42.6) | 0.98(30.4) | 0.04 | -0.044 | 3.32 | 1.6(48.3) | 0. 09( 1)
3P — 2351y | 048 | 2.93 | 0.81(27.6) | 0.89(30.4) [ -0.13] 0.093 | 2.8 | 0.71(25.4) | 0. 08( 9)
3P — 3351y | 0.15 | 10.89 | 1.3(12.0) | 3.3(30.3) |-0.21 | -0.021 | 8.47 | 1.83(21.6) | 0.3(3.6)
2381 — 13Pyy | 0.16 | 1.6 | 0.13(8.1) | 0.42(26.3) [ -0.21 | -0.013 | 1.25 | 0.13(10.5) | 0. 03(2 4)
235) — 18Py | 013 | 244 | 02(8.1) | 0.64(26.3) | -0.1 | -0.002 | 2.19 | 0.19(8.4) | 0.04(2.0)
235] = 3Py | 0.11 | 252 | 0.2(8.1) 0.66(26.3) | -0.05 | 0.004 | 2.4 0.21(8.8) | 0.05(1.9)
3351 — 28Pyy | 0.12 | 1.6 | 0.14(8.6) | 0.47(29.2) |-0.21 | -0.007 | 1.25 | 0.13(10.0) | 0.04(3.2)
3381 — 25P1y | 0.1 | 259 | 0.22(8.6) | 0.76(29.2) |-0.09 | -0.0003 | 2.37 | 0.21(9.1) | 0.07(2.7)
3351 — 25Pyy | 0.09 | 2.83 | 0.24(8.6) | 0.83(29.2) |-0.04 | -0.0002 | 2.71 | 0.27(10.0) | 0.07(2.6)

Table F.5: Summary of the results obtained from the evaluation of the bottomonium
decay rates using Counting 2 with phenomenology input. Values as in Table

Rk, | T0 | Q%) | a9(%) | R | oF | TMO | aO%) | e (%)

pal par €rel

Decay [GeV] [keV] [keV] [keV] [keV] [keV] [keV|
1'P — 11507 0.5 1070.74 | 113.85(10.6) | 556.04(51.9) | -0.53 | -0.112 | 393.04 | 204.22(52.0) | 150.78(38.4)
215 — 1'Py | 0.11 0.13 0.03(25.4) 0.07(57.2) -0.17 | 0.0003 0.11 0.03(29.5) 0.02(22.4)
Py = 19517 | 0.3 | 23820 | 25.34(10.6) | 123.75(51.9) | -0.29 | -0.275 | 105.59 | 30.77(29.1) | 33.56(31.8)
13P; — 13517 0.39 505.44 | 53.74(10.6) | 262.48(51.9) | -0.36 | -0.156 | 246.85 | 71.71(29.0) 71.18(28.8)
PP, — 1381y | 0.43 | 679.01 | 72.2(10.6) | 352.61(51.9) | -0.35 | -0.028 | 425.88 | 82.41(19.4) | 95.62(22.5)
25, > 1°Pyy | 0.26 | 60.8 | 5.46(9.0) | 34.75(57.2) | -0.57 | -0.056 | 22.56 | 7.68(34.0) | 11.41(50.6)
25, = PPy | 017 | 51.32 | 4.61(9.0) | 29.33(57.2) | -0.31 | 0.013 | 35.03 | 3.04(11.0) | 9.63(26.8)
235, — 1°Pyy | 013 | 3539 | 3.18(9.0) | 20.22(57.2) | -0.27 | -0.011 | 25.37 | 3.05(12.0) | 6.64(262)

Table F.6: Summary of the results obtained from the evaluation of the charmonium
decay rates using Counting 2 with phenomenology input. Values as in Table
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ky | TRO [ Q%) | (%) R | 0T | INLO | RO (%) | e (%)
Decay [GeV] | [keV] [keV] [keV] [keV] [keV] [keV]

1P, — 1%Syy | 0.49 | 56.56 | 3.31(5.9) | 15.05(26.6) | -0.77 [ -0.031 | 11.26 | 4.97(44.2) | 1.07(9.5)
2TP = 11Syy | 0.83 | 11.74 | 0.56(4.8) | 3.5(29.8) | 1.24 | 0.052 | 26.95 | 1.98(7.3) | 0.31(1.2)
2TP —2TSpy | 0.26 | 22.13 | 0.98(4.4) | 6.61(29.9) |-0.72 [ -0.023 | 5.64 | 1.6(28.4) | 0.59(10.5)
218y — 1Py | 0.1 | 0.08 | 0.004(4.8) | 0.02(29.1) | 0.05 | -0.002 | 0.09 | 0.004(5.3) | 0.002(2.4)
PPy = 1351y | 039 | 29.0 | 1.7(5.9) | 7.72(26.6) | -0.37 [ -0.082 | 15.95 | 1.95(12.3) | 0.55(3.4)
1BP — 1351y | 042 | 36.7 | 2.15(5.9) | 9.77(26.6) | -0.45 [ -0.051 | 18.34 | 2.54(13.9) | 0.69(3.8)
PPy — 1351y | 044 | 41.75 | 2.45(5.9) | 11.11(26.6) | -0.46 | -0.003 | 22.67 | 2.93(12.9) | 0.79(3.5)
2Py — 1381y | 0.74 | 8.56 | 0.41(4.8) | 2.55(29.8) | 0.23 | -0.151 | 9.25 | 0.94(10.1) | 0.23(2.5)
2P - 1351y | 0.76 | 9.32 | 0.44(4.8) | 2.78(29.8) | 0.57 | -0.051 | 14.19 | 1.17(8.2) | 0.25(1.7)
2P — 1351y | 0.78 | 9.77 | 0.47(4.8) | 2.92(29.8) | 0.92 | 0.136 | 20.09 | 1.48(7.4) | 0.26(1.3)
25Py — 2351y | 0.21 | 11.52 | 0.51(4.4) | 3.44(29.9) |-0.22 [ -0.042 | 8.48 | 0.52(6.1) | 0.31(3.6)
23P — 2351y | 0.23 | 15.69 | 0.69(4.4) 4 69(29‘9) -0.35 [ -0.029 | 9.74 | 0.79(8.1) | 0.42(4.3)
2Py — 2351y | 0.24 | 18.48 | 0.81(4.4) 52(29.9) |-0.44 [ -0.011 [ 10.16 | 1.01(9.9) | 0.49(4.9)
3P — 1351y | 1.0 | 4.21 | 0.32(7.7) 1 38(32.7) 0.14 [ -0.118 | 4.28 | 0.37(8.7) | 0.15(3.4)
3P — 2351y | 048 | 333 [ 0.16(4.9) | 1.09(32.7) | -0.2 | 0.026 | 2.75 | 0.11(3.9) | 0.12(4.3)
33P — 3351y | 0.15 | 8.69 | 0.33(3.8) | 2.85(32.7) |-0.35 | -0.024 | 5.46 | 0.4(7.3) | 0.31(5.6)
235) — 13Pyy | 0.16 | 1.45 | 0.04(2.6) | 0.42(29.1) | -0.3 [ -0.013 | 0.99 | 0.03(3.4) | 0.04(3.6)
235) — 18Py | 0.13 | 2.2 [ 0.06(2.6) | 0.64(29.1) |-0.13 [ -0.002 | 1.91 | 0.05(2.8) | 0.05(2.9)
235) — 13Pyy | 0.11 | 2.27 | 0.06(2.6) | 0.66(29.1) |-0.04 | 0.005 | 2.18 | 0.06(2.6) | 0.06(2.6)
3351 — 23Pyy | 0.12 | 1.47 | 0.04(2.6) | 0.47(31.8) |-0.29 | -0.006 | 1.03 | 0.03(3.2) | 0.05(4.6)
335, — 2°Py | 0.1 | 238 | 0.06(2.6) | 0.76(31.8) |[-0.11 | 0.0 | 2.12 | 0.06(2.7) | 0.08(3.6)
3351 — 25Pyy | 0.09 | 2.6 | 0.07(2.6) | 0.82(31.8) [-0.03| 0.0 | 253 | 0.07(2.8) | 0.08(3.3)

Table F.7: Summary of the results obtained from the evaluation of the bottomonium
decay rates using Counting 2 with lattice input. Values as in Table

=2

€rel

Decay [GeV] | [keV] [keV] [keV] [keV| [keV] [keV]
1P — 118y | 0.5 | 881.08 | 53.05(6.0) | 492.93(55.9) | -0.82 | -0.105 | 64.87 | 47.73(73.6) | 154.99(238.9)
218y — 1Py | 0.11 | 0.14 | 0.01(5.4) | 0.09(61.4) |-0.14 [ -0.004 | 0.12 | 0.01(7.1) 0.03(27.0)
13P) — 1351y | 0.3 [ 196.09 | 11.81(6.0) | 109.7(55.9) | -0.4 | -0.356 | 47.23 | 7.41(15.7) | 34.49(73.0)
1BP — 13517 | 0.39 | 415.91 | 25.04(6.0) | 232.69(55.9) | -0.52 | -0.194 | 117.99 | 15.48(13.1) | 73.16(62.0)
PP, — 1351y | 0.43 | 558.73 | 33.64(6.0) | 312.59(55.9) | -0.5 | 0.019 | 288.07 | 24.04(8.3) | 98.29(34.1)
2351 — PPy | 026 | 55.0 | 2.55(4.6) | 33.8(61.5) |-0.79 | -0.045 | 9.11 | 2.12(23.3) | 12.83(140.8)
2381 — PPy | 0.17 | 46.43 | 2.15(4.6) | 28.53(61.5) | -0.4 | 0.018 | 28.85 | 1.04(3.6) 10.83(37.5)
2351 — 1°Pyy | 0.13 | 32.01 | 1.48(4.6) | 19.67(61.5) | -0.29 [ -0.014 | 22.12 | 0.92(4.2) 7.47(33.8)

hy | IO [ dO(%) | aQ%) | E | oF | IMO | &0%) | &90(%)

Table F.8: Summary of the results obtained from the evaluation of the charmonium
decay rates using Counting 2 with lattice input. Values as in Table
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L [T @) | &9 | R | or [TV0| a0 | a0 %)
Decay [GeV] | [keV] [keV] [keV] [keV] [keV] [keV]
0211P, — 11507 | 0.49 | 63.96 | 11.48(17.9) | 16.43(25.7) | -0.65 | -0.032 | 24.12 | 24.11(99.9) | 1.09(4.5)
2TP, — 150y | 0.83 | 1057 | 3.0(28.4) | 3.07(20.0) | 0.64 | 0.082 | 18.44 | 5.7(30.9) | 0.26(1.4)
2P = 2'8)y | 0.26 | 24.05 | 3.06(12.7) | 7.01(29.2) | -0.63 | -0.023 | 9.22 | 8.16(88.6) | 0.6(6.5)
215y = I'Py | 0.1 | 0.07 | 0.02(28.4) | 0.02(28.2) | 0.04 | -0.002 | 0.08 | 0.03(32.4) | 0.002(2.1)
PPy - 1951y | 0.39 | 3279 | 5.88(17.9) | 8.42(25.7) | -0.33 | -0.07 | 20.79 | 9.02(43.4) | 0.56(2.7)
)

3P, - 138y | 042 | 4151 | 7.45(17.9) | 10.66(25.7) | -0.39 | -0.046 | 24.71 | 11.9(48.1) | 0.71(2.9)
3P, —» 138y | 044 | 47.22 | 847(17.9) | 12.13(25.7) | -0.4 | -0.01 | 29.59 | 13.37(45.2) | 0.81(2.7)
PPy — 138y | 074 | 7.71 | 2.18(28.4) | 2.24(29.0) | -0.23 | -0.122 | 5.02 | 1.72(34.3) | 0.19(3.8)
2P — 1351y | 0.76 | 8.39 | 2.38(284 2 44 29.0) | 0.07 | -0.022 | 888 | 2.69(30.3) | 0.21(2.3)
2P, - 1381y | 0.78 | 8.79 | 2.49(28.4 29.0) | 0.37 | 0.161 | 13.58 | 4.05(29.8) | 0.22(1.6)
PR o PS5 | 021 [ 1251 | 159(12.7) | 3. 65 29.2) [-0.23 | -0.038 | 9.35 | 2.36(25.2) | 0.31(3.3)

0.33| -0.028 | 11.27 | 3.8(33.7) | 0.43(3.8)

(29.0)

55(29.0)

(29.2)

(29:2)

(29.2) | -0.4 | -0.013 | 12.19 | 4.93(40.4) | 0.5(4.
1.16(31.8) | 0.28 | -0.103 | 4.53 | 2.6(57.3) | 0.12(2.
0.97(31.9) | 0.04 | 0.047 | 335 | L18(35.2

(32.1)

(282)

(282)

(28.2)

(31.0)

)

—_
~—

33P — 1381y 1.0 | 3.65 | 1.61(44.2
3P, — 2351y | 048 | 3.03 | 0.88(29.1
33P, — 3381y | 0.15 | 9.28 | 1.01(10.8
235, = 13Pyy | 0.16 | 1.46 | 0.16(10.7
2381 — 13P;y | 0.13 | 2.22 | 0.24(10.7
2351 — 1°Pyy | 0.11 | 229 | 0.25(10.7
338, — 22Pyy | 0.12 | 1.47 | 0.18(12.0
338, — 23P1y 0.1 | 2.38 | 0.29(12.0
335, = 28Py»y | 0.09 | 2.6 | 0.31(12.0

=)
=

o
—
—
_0.3
(=]
=

2.98(32.1
0.41(28.2
0.62(28.2
0.64(28.2

-0.3 | -0.023 | 6.39 | 1.76(27.5

)

(27.5)

-0.25 | -0.012 | 1.08 | 0.13(11.9)
0.1 | -0.001 | 1.98 | 0.22(11.0) | 0.05

(12.5)

)

-0.03 | 0.004 2.22 | 0.28(12.5
0.46(31.0) | -0.23 | -0.005 | 1.12 | 0.15(13.1
0.74(31.0) | -0.08 | 0.001 2.21 0.3(13.6) 0.07
0.8(31.0) | -0.01 | -0.0004 | 2.57 0.4(15.6) 0.08

)

(28.4)

(17.9)

(17.9)

(17.9)

(28.4)

(28.4)

CHRE
25P — 2381y | 023 | 17.04 | 2.17(12.7) | 4.97(29.2
25Py — 2381y | 0.24 |20.08 | 2.56(12.7) | 5.86(29.2

(44.2)

(29.1)

(10.8)

(10.7)

(10.7)

(10.7)

(12.0)

(12.0)
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Table F.9: Summary of the results obtained from the evaluation of the bottomonium
decay rates using Counting 3 with phenomenology input. Values as in Table

=21

ky | TLO epar (%) et (%) R L TN O (%) | aa® (%)

Decay [GeV] |keV] [keV] [keV] [keV| [keV| [keV|
1P — 13S0y | 0.5 | 1345.67 | 135.94(10.1) | 781.24(58.1) | -0.41 | -0.131 | 620.35 | 69.87(11.3) | 269.31(43.4)
215, — 1'Py | 0.11 0.05 0.005(10.1) 0.03(64.0) -0.33 | 0.014 0.03 0.01(15.4) 0.01(39.2)
PPy > 19517 | 03 | 299.48 | 30.25(10.1) | 173.87(58.1) | -0.41 | -0.314 | 83.95 | 30.11(35.9) | 59.93(71.4)
P, 5 19517 | 0.30 | 635.22 | 64.17(10.1) | 368.78(58.1) | -0.41 | -0.178 | 263.58 | 48.65(18.5) | 127.12(48.2)
PP, — 1551 | 0.43 | 853.36 | 86.21(10.1) | 495.42(58.1) | -0.41 | -0.037 | 472.9 | 39.02(8.3) | 170.78(36.1)
2351 — 13Pg’y 0.26 59.71 6.03(10.1) 38.23(64.0) | -0.23 | -0.013 | 44.86 4.04(9.0) 16.03(35.7)
25, = PPy | 017 | 504 | 5.00(10.1) | 32.27(64.0) | -0.28 | 0.042 | 38.24 | 4.41(11.5) | 13.53(354)
235, = PPy | 013 | 3475 | 351(10.1) | 22.25(64.0) | -0.38 | -0.030 | 20.27 | 3.92(19.3) | 9.33(46.0)

Table F.10: Summary of the results obtained from the evaluation of the charmonium
decay rates using Counting 3 with phenomenology input. Values as in Table

142



k, Lo | b0 (%) L0 (%) R or | INLO | (NLO (%) [ (NEO (%)
Decay [GeV] | [keV] [keV] [keV] |keV] |keV] |keV]
TPy — 11Spy | 0.5 [ 1322.88 | 92.38(7.0) | 778.24(58.8) [ -0.43 | -0.13 | 581.05 | 20.71(3.6) | 272.05(46.8)
215y — 11Py | 0.11 0.05 | 0.003(7.0) | 0.03(64.9) |-0.34 | 0.014 | 0.03 | 0.001(3.6) | 0.01(41.1)
PP — 151y | 0.3 | 294.41 | 20.56(7.0) | 173.2(58.8) | -0.43 | -0.315 | 73.13 | 12.09(16.5) | 60.54(82.8)
18P — 1351y | 0.39 | 624.46 | 43.61(7.0) | 367.37(58.8) | -0.43 | -0.179 | 242.47 | 11.57(4.8) | 128.42(53.0)
BP,— 1351y | 043 | 8389 | 58.58(7.0) | 493.52(58.8) | -0.43 | -0.036 | 450.07 | 26.62(5.9) | 172.52(38.3)
2351 — 1°Pyy | 0.26 58.7 4.1(7.0) | 38.08(64.9) |-0.24 | -0.011 | 43.75 | 2.11(4.8) | 16.19(37.0)
2381 — PPy | 0.17 | 49.55 | 3.46(7.0) | 32.15(64.9) |-0.29 | 0.042 | 37.15 | 1.71(4.6) | 13.67(36.8)
2381 — 3Py | 0.13 | 34.16 | 2.39(7.0) | 22.17(64.9) | -0.39 | -0.039 | 19.41 | 0.79(4.1) | 9.42(48.5)
Table F.11: Summary of the results obtained from the evaluation of the charmonium

decay rates using Counting 3 with lattice input. Values as in Table

F.2 [ scaling factors

In the following tables, we show the average values of the effective scaling factor 8 defined

through 6T y_pr = Bv?.

Decay Count. 1 | Count. 3 | Count. 1 | Count. 3
(phen.) (phen.) (latt.) (latt.)
1P, — 1%y 0.4 0.4 0.3 0.4
215y — 1Py | 0.002 0.04 0.01 0.03
13P) — 1351y 1.0 0.9 1.1 0.9
13P — 1391y 0.6 0.5 0.6 0.5
13P, — 1351y 0.1 0.1 0.06 0.1
239 — 13Pyy 0.2 0.04 0.1 0.03
238, — 13Py 0.04 0.1 0.05 0.1
239 — 13Pyy 0.03 0.1 0.04 0.1

Table F.12: Average value of the scaling factor || for charmonium decays. In analogy
to how the averages of the 6I'y_, ., corrections are calculated in Tables - in
each decay the values correspond to the mean of the sixteen values obtained in each

counting/input combination
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Table F.13: Average value of the scaling factor |5| for bottomonium decays. Values as

in Table .

Decay Count. 1 | Count. 3 | Count. 1
(phen.) (phen.) (latt.)
1P — 1155y 0.6 0.5 0.4
2P — 115yy 1.8 1.0 0.6
2P — 215yy 0.3 0.3 0.3
218y - 1Py | 0.015 0.024 0.028
13Py — 1351y 0.9 1.0 1.2
13P, — 1351y 0.6 0.7 0.7
1%Py — 1351y 0.4 0.2 0.04
23Py — 1391y 0.5 1.4 1.7
23P; — 1391y 0.6 0.25 0.6
23Py — 1391y 2.5 1.9 1.5
23Py — 2351y 0.4 0.4 0.5
23P; — 2351y 0.3 0.3 0.3
23Py — 2381y 0.26 0.16 0.13
3P — 1351y 0.42 0.97 1.1
3P — 2351y 1.1 0.5 0.2
3P — 3351y 0.2 0.2 0.2
2351 — 1°3Pyy 0.2 0.1 0.2
2381 — 1°Pyy 0.03 0.01 0.02
235 — 13Pyy 0.05 0.05 0.06
3381 — 23Pyy 0.1 0.05 0.06
339 — 2Py | 0.006 0.005 0.001
339 — 2Py | 0.001 0.003 0.003
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Appendix G

The 35 — 1P bottomonium decay

In this section we will discuss the unstable behavior of our results for the evaluation of
the 335 — 13P;y bottomonium decay.

In Table we show the values obtained for the 339 — 13P;y bottomonium decay
using Counting 1 with lattice input and Counting 3 with phenomenology inputﬂ Apart
from the case J = 0 in the lattice input evaluation, in all other evaluations we have that
Ry gy > 1. The values for 6I' are also large compared to the same corrections in the
other decays reported in Chapter [§] although still below one.

Counting 1 (Lattice) Counting 3 (Phenomenology)
Decay I'LO [keV] ‘ R ‘ 0T | TLO |keV] ‘ R ‘ or
3391 — 13Pyy | 0.03+£0.01 | 0.24 | -0.48 | 0.03 £0.04 | 6.25 -0.85
3351 — 13P1y | 0.08£0.03 | 2.93 | -0.44 | 0.07 £0.09 | 9.32 -0.77
3351 — 1°Pyy | 0.12£0.04 | 4.65 | -049 | 0.1+0.1 |11.19 | -0.82

Table G.1: Summary of the evaluation of the relativistic corrections to the bottomonium
35 — 1P decay rate; values computed as in Table Notice that R has the same shape
in both countings. In each of these evaluations, there are amplitudes that contribute to
R that are larger than one. In the case of the evaluation of the 335, — 13Pyy decay with
lattice input, the small value of R results from the cancellation of large (> 1) amplitudes.

In order to track down the source of this behavior, let us compare the values we get from
evaluating Ry _, - for the 35 — 2P decay, which is stable, with the values of Ry_, g,
obtained for the 35 — 1P decay. For this purpose, let us consider the mean values of
the parameters of the phenomenology inputﬂ given in Table

!Evaluations considering the other counting and input combinations show the same unstable results.
2A similar analysis with the lattice input yields the same conclusions.
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First, it is convenient to recall the formula for Ry _, g, given in Eq. (6.32), which here
we rewrite as B B
R(nS — n'P) = 2Ag(nS — n'P) + B%(nS — n'P). (G.1)

In order to give concrete numbers, let us focus on the 339; — 13P;_y decay, although, as
it will become clear, our conclusions apply for any value of J. For this specific transition,
we get

R(3S — 1P) = 7.82. (G.2)

This large value comes from the large values of Az and Bg

- 0.08

A 1P) = ——=2.32 .

RBS 1P) = o =232 (G.3)

— 0.06

B 1P) = —— =1.79. 4
RBS 1P) = ot =19 (G.4)

Comparing them with the equivalent quantities in the case of the 335; — 23Pj_, decay
given by

35 —2P) = —0.02, 5
R(3S P) (G.5)
_ 0.03
_ —0.08

we see that the large value of the amplitudes in the 35 — 1P transition comes from the
small value of the I3(3S, 1P) integral

I3(35,1P) = / drryss(r)y1p(r) = 0.03[GeV 1], (G.8)
0
compared to the equivalent integral in the 35 — 2P case
I5(3S5,2P) = / drryss(r)yap(r) = —2.61 [GeV 1. (G.9)
0

Plotting the integrands of both integrals in Fig. , it is clear that there is a large
cancellation in the integrand of I3(3S,1P) that does not occur in I3(3S5,2P).

We conclude that in the case of the 35S — 1P decay the unstable values of the contri-
butions to Ry~ and the 01", ., correction come from the large cancellation in the
integrand of I3(35,1P). Moreover, an inspection of the values obtained for the ampli-
tudes that contribute to Ry, ps- with some of the random parameter sets, shows that
a small variation of the parameters leads to a large difference among the values for the
same amplitudes; this suggests that a convergent evaluation of the relativistic corrections
to the 35 — 1P decay rate may require fine tuned values of the parameters rather than
the statistical approach we have taken.
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0.8
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Figure G.1: Left: The integrand of I3(3S,1P) (continuous red); the dashed blue and
green lines correspond to the y;p(r) and ysg(r) reduced radial wavefunctions. Right:
The integrand of I3(3.5, 2P) (continuous red); the dashed blue and green lines correspond
to the yop(r) and yss(r) reduced radial wavefunctions.
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